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Abstract
The gut microbiome influences and is influenced by the host, and can affect the host organism by
contributing to health, development and immunity. Similarly, the host can influence this
community; it’s makeup can vary with host species, locality, diet, social stressors, and
environmental stressors. Some of these environmental stressors have arisen due to human-induced
rapid environmental change, like urbanization. The physiology and behaviors of organisms that
are able to persist in urban environments are often different from their non-urban congeners.
Nutrition, development, and immunity—all of which are affected by the gut microbiome—are
important factors that can determine survival in urban environments. Ecologists are therefore
asking new questions about how an urban environment shapes gut microbial communities, and
how the numerous services gut fauna provide affect host success in an urban context.
My dissertation research demonstrated that urbanization changes the bacterial communities
of birds as well as provided correlational and experimental evidence for the biotic and abiotic
traits driving these changes. Urban birds differed from rural ones by multiple measures. I also
found evidence that noise pollution explains some variation in alpha diversity among urban and
rural birds. Building upon this finding, I experimentally showed that the gut microbiome changes
with exposure to noise, as does food intake and plasma corticosterone. However, contrary to my
hypothesis, food intake and corticosterone were not the mediating factors between noise and the
gut microbiome. All of this work was accomplished using noninvasive cloacal swabs to measure
the gut microbiome, which my dissertation research found are reflective of the large intestine and
capture individual variation in the microbiome. The work that comprised my dissertation will
impact methods decisions in future microbiome studies in both free-living and captive birds. It
will also contribute to the way we look at the relationships between host environment, host, and
the gut microbiome, as well as influence how we think about urban ecology as a whole.
Altogether, my dissertation research accomplished my goal to work in an emerging field at the
interface of urban and microbial ecology.
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Introduction
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Abstract
The gut microbiome functions as a community of bacteria, fungi, viruses, and protists that
influences and is influenced by the host organism 1–3. This community can affect the host
organism by contributing to host health, development and immunity 4,5. Similarly, the host can
influence this community; gut bacterial species composition, richness, and relative abundance
can vary with host species, locality, diet, social stressors, and environmental stressors 6–8. Some
of these environmental stressors have arisen due to human-induced rapid environmental change
9
. Ecologists are therefore asking new questions about how an urban environment shapes gut
microbial communities, and how the numerous services gut fauna provide affect host success in
an urban context 10–16.
Urbanization is one form of human-induced rapid environmental change 9, and the physiology and
behaviors of organisms that are able to persist in urban environments are often different from their
non-urban congeners 17,18. Examining how species persist in these novel evolutionary
environments can provide insight into the complex ways in which urbanization affects wildlife 18.
Nutrition, development, and immunity—all of which are affected by the gut microbiome 4,5,19—
are important factors that can determine survival in urban environments 20,21. Thus, the potential
for the gut microbiome to be a mediating factor in an animal’s ability to adapt to urbanization is
an exciting potential avenue for urban ecological studies. In fact, a recent spate of papers on
variation in gut fauna in urbanized habitats points to a growing recognition of the need to
investigate this aspect of urban ecology. A first step is to examine what is known about the
bidirectional relationship between the gut microbiome and its host and how this bidirectional
relationship may be influenced by urbanization.
Background
Gut microbiomes
Bidirectional relationship between host and gut microbiome
In my dissertation I focus on bacteria, but viruses, fungi and protists also play a critical role in gut
microbial communities. Viruses in the gastro-intestinal tract not only result in disease for the host
and consequential changes in digestion and gut physiology, but they can also provide selective
pressure on the bacterial community as bacteriophages 22. Fungi are present at low levels in the
gastrointestinal tract
and may interact in significant ways with host physiology, such as
inflammatory bowel diseases, and can act opportunistically in immunocompromised hosts 23.
Though these non-bacterial components of the gut microbiome play an important role in host
health, and likely impact the bacterial community, my research focuses on bacteria because they
are the most prevalent members of the gut microbiome and provide important biological services
to their host animal. Because of this central role, as well as an overwhelming dominance of
bacterial research compared to other members of the gut microbiome, the term “microbiome” is
frequently used to describe only the bacterial community of the gut. In this document I have used
the terms “bacterial community” and “microbiome” interchangeably, but do not wish to erase
important non-bacterial components of the digestive system.
2

The composition of the gut microbiome has direct and indirect effects on host health and
physiology. Bacteria in the digestive tract—especially the large intestine—help the host glean
important nutrients from their diet that they are not able to get on their own 24,25, breaking down
large unusable molecules into useful products like short-chain fatty acids 26. Bacteria can also help
animals exploit otherwise inedible food sources by degrading and neutralizing toxic plant
secondary compounds 27,28 and breaking down some energy sources like amino acids 29 as well as
detoxify compounds in hosts’ diet that would otherwise harm them 27. Besides aiding in digestion,
gut bacteria play an important role in host immune function, including protecting the host from
harmful infections 19,30. This happens indirectly through competition with potential pathogens, but
also plays a crucial role in the development and maintenance of the host’s overall immune system
2,31
. Bacterial communities in the gut can also interact in consequential ways with the host enteric
nervous system, affecting host behavior 19. Studies in germ-free mice have been very useful in
demonstrating direct impacts of the gut microbiome on hypothalamic-pituitary-adrenal reactivity,
as well as interactions between the gut microbiome and the central nervous system through the
enteric nervous system 32–35. Altogether, some of these interactions between the host and the gut
microbiome are direct, as with detoxification, and some are more indirect, such as the effect of
secondary bacterial compounds on the host GI physiology, which is detected by the brain and can
drive behavior 36,37. These direct and indirect effects of the gut microbiome on host nutrition,
immunity and behavior may play an important role in how the host can respond to rapid
environmental changes, such as those found in urban environments.
Elements of host organism physiology, behavior, and environments can shape the composition of
the gut microbiome. One obvious factor that shapes the bacterial community of the gut is diet. Gut
bacteria depend on their host to provide them with the materials necessary to persist. The
composition of an animal’s diet serves as a selective force in the gut bacterial community, just as
resource availability in any ecosystem would 38,39. Host physiology provides the environmental
conditions that shape the gut microbiome. Both large-scale differences between hosts, such as
gastro-intestinal volume, and smaller differences, such as pH or intestinal wall permeability,
provide different conditions that favor some bacterial taxa or traits over others. For example,
digestive tract size is positively correlated with bacterial alpha diversity across taxa 40. On a smaller
scale, within the same animal, changes in intestinal function such as compounds in intestinal
mucous may shift bacterial communities 41. Further, changes in an animal’s environment can
dramatically change their physiology, thus indirectly impacting the gut microbiome 42. For
example, the sage grouse gut microbiome is affected by changing seasons 43. Of course, these
factors shaping gut bacterial communities are often not independent from one another, e.g.
seasonal changes may result in dietary shifts. Given how urbanization changes the environment
and acts as a selective pressure on host morphology, one can predict that gut microbiomes will
vary across urbanization gradients.
Bacterial taxa and measures of community diversity
There are many ways to measure the gut microbiome, with each method having advantages and
disadvantages. For a cursory assessment of diversity present, culture-based methods may be used
44
. However, these methods are heavily biased toward bacterial strains that can be grown in culture.
Another way to survey a bacterial community is through direct analysis of all microbial DNA from
an environmental sample. Analyzing all microbial DNA can be accomplished through various
3

fingerprinting methods which, depending on the method, can identify dominant taxa of bacteria
and qualitative structure of communities. We can also use these metagenomic samples to target
conserved regions of bacterial DNA (often the 16s rRNA region) in order to assess taxonomic
diversity of a community 45. Furthermore, there are options for analyzing microbial communities
based on functional genes rather than individual identity, such as shotgun metagenomics and
metabarcoding.
Metabarcoding using 16s is currently one of the most common methods of analyzing microbial
communities 46,47. This method produces a library of sequences from the same bacterial region and
can yield up to millions of sequences per sample. These data can tell us about the taxonomic
diversity of community members in a gut and how abundant bacterial taxa are relative to one
another. Taxonomic information can give us some idea of what functions the community members
may be serving 48. However, the same metabolic processes may be carried out by distantly related
bacteria, and likewise closely related bacteria can be carrying out drastically different metabolic
processes 49. Taxonomic information alone cannot definitively tell us about bacterial function;
therefore, care should be taken in interpreting functional information from metabarcoding
approaches. Despite the limitations of metabarcoding, these data can be useful in describing
bacterial communities and making various comparisons between communities. One can estimate
measures of community membership and structure, including alpha and beta diversity.
Avian microbiomes
Much of our understanding of the role of the gut microbiome in the life of its host comes from
research conducted on mammals 1,50. However, significant differences in the gastro-intestinal
anatomy and physiology between mammals and birds make for different microbial habitats. Thus,
it may be unwise to extrapolate findings in mammalian systems to avian ones. For example,
mechanical digestion in mammals takes place in the mouth, but in the gizzard for birds. Further,
there is variation across avian taxa in digestive strategy. There are examples of dietary convergence
through different digestive strategies, with both rhea (Rheidae) and ostriches (Struthionidae)
possessing an elongated colon for fermentation of high fiber diets, but hoatzins (Opisthocomidae)
instead using an enlarged crop for fermentation of a similar diet 51. These examples illustrate that
a trend or mechanism found in one group should not be assumed to be identical in disparate
systems. Thus, the uniquely avian traits that distinguish birds from mammals warrant further
investigation into avian gut microbiomes.
Though the volume of research on avian microbiomes pales in comparison to that of mammalian
microbiomes, there has certainly been some excellent research on the topic. As reviewed by Grond
et al. (2018), avian microbiomes are dominated by Bacteroidetes, Firmicutes, Actinobacteria, and
Proteobacteria. These same bacterial phyla are found in other vertebrate families, but in different
proportions. Beyond this type of general characterization of avian gut microbial communities,
studies have emerged in many subject areas new to avian gut microbiome research. These topics
include endocrinology 52, developmental biology 53, ecology 54, behavior 55, evolution 56, and
conservation 57. A majority of experimental research on avian gut microbiota thus far has been
conducted in poultry, as these animals are of economic significance. Most studies of wild avian
gut microbiomes are observational and use taxonomic characterization of bacterial communities.
4

Urban microbial ecology
The rapid effects of human land development present relatively recent but stark changes in the
environment. These changes shift the diversity and composition of environmental microbiomes
found in the air, water, and on structural surfaces 58–62. Recent work in birds, lizards, and humans
suggests that urbanization may also affect the composition of animal gut microbiomes 10,11,14–
16,63,64
. A number of recent studies find that urban and rural populations have different gut
microbiomes 10,16. For example, humans living in rural agricultural communities in Nigeria have
distinct and more diverse fecal microbiota from those living in cities (Ayeni et al., 2018). Similarly,
house sparrows (Passer domesticus) were found to have differing gut microbial community
structure between urban and rural locations in Belgium, with urban areas more diverse in terms of
community membership, and small spatial scale measures of urbanization having a significant
impact on this pattern 16. Further, gut microbial communities were less diverse in rural areas 15.
These complex and in some cases conflicting findings raise the question of how urbanization is
shaping gut microbial communities, and if, in some cases, microbial communities buffer
populations against certain urban stressors.
Factors driving differences in gut microbiomes between urban and rural areas are unknown. There
are several possible mechanisms that could explain these differences in gut microbes, including
diet 65,66, landscape cover 67, geography 68,69, novel stressors like increased social stress due to
population density 70, disruptions in light/dark cycles 18,71, and chronically high levels of noise 72.
A few of these potential mechanisms underlying patterns of urban and rural gut microbial
differences have been experimentally tested. For example, a lab experiment on mice showed that
gut bacterial diversity and richness were decreased when a subject was socially stressed 73. In
Siberian hamsters, increased day length impacted gut microbial community structure 6. However,
few of these mechanisms have been tested in relevant systems, such as species persisting in urban
environments.
A biologically relevant stressor in urban environments is noise pollution 74,75; however, very little
is known about whether noise could be shaping the avian gut microbiome. Noise pollution can
interfere with many aspects of an animal’s life. It can mask communication 76–78 and consequently
change social behaviors 18. It can interfere with prey or predator identification, leading to modified
feeding 79 and vigilance behaviors 80. Excess noise can also indirectly alter an animal’s behavior
by increasing stress hormones 74,81. As reviewed in Kight and Swaddle (2011), these sustained
increases in stress hormones can have wide ranging behavioral and physiological repercussions,
such as compromised feeding and metabolism, cognition, and immunity. Given the known
relationships between those same biological functions and the gut microbiome 38,82–84, the potential
for the gut microbiome to act as a mediating factor between urbanization and the gut microbiome
needs to be investigated.
The stress response to noise may be one mechanism by which noise pollution affects the gut
microbiome. Previous work in birds suggests that exposure to noise activates a stress response,
such that levels of corticosterone increase 81,85,86. Broiler chicks (Gallus gallus domesticus) in an
agricultural setting showed elevated corticosterone when exposed to 10 minutes of very high
amplitude noise 87. Similarly, wild, lekking male sage grouse (Centrocercus urophasianus)
showed an increase in fecal corticosterone metabolites when exposed to chronic noise on their
5

breeding sites 81. House wrens (Troglodytes aedon) collected from the city had higher baseline
corticosterone than rural house wrens 86. Although rural house wrens showed an increase in
corticosterone as a result of one-day of noise exposure, urban birds did not 86. In contrast, three
bird species exposed to oil drilling noise throughout their breeding period showed evidence of
hypocorticism, a negative relationship between noise and corticosterone as a result of hormone
depletion 85. Similarly, a field study found lower corticosterone response to restraint in nestling
white-crowned sparrows (Zonotrichia leucophrys) exposed to noise, and no difference in
baseline corticosterone 88. In any case, a change in corticosterone may change the substrate for
intestinal microbes through alterations in gut physiology such as increased intestinal motility 89,
and permeability 90 leading to a change in the composition and relative abundances of gut
microbiota. A study in rats (Rattus norvegicus domestica) used restraint as a stressor and found
that stress increased gastro-intestinal motility, and that this relationship was mediated by
glucocorticoid pathways 89. As reviewed by Soderholm and Perdue in 2001 (though this review
included only mammals), physical stress such as wounds elsewhere in the body, as well as
stressors with both a physical and psychological component such as restraint or water
submersion, can cause increased intestinal permeability 91. Changes in gut permeability as a
result of compromised mucosal barrier can also cause inflammation, as seen in inflammatory
bowel syndrome 92. Thus, stress and stress hormones have the potential to shape gut
communities.
Another, not mutually exclusive mechanism that may mediate the relationship between gut
bacteria and urbanization is the potential impact of noise exposure on feeding behavior. Previous
experimental work in chaffinches (Fringilla coelebs) and owls (Asio flammeus and Asio otus)
found that noise exposure reduced feeding efficiency due to increased time spent on vigilance and
decreased prey detectability, respectively 79,80. A study that focused on white-crowned sparrows
also found a decrease in foraging duration and an increase in vigilance behavior when birds were
experimentally exposed to noise 93. A change in feeding behavior may also have consequences for
the gut microbial community, both as a result of changes in dietary composition, and food intake
volume 94. In humans, a dietary shift was shown to dramatically change the gut microbiome in less
than a week 95. There is also evidence that dietary composition drives gut bacterial community
composition in birds. In broiler chickens, the source of feed predicted cecal bacterial community
96
, and in house sparrows simulated urban and rural diets resulted in shifted gut bacterial
communities 66. When food intake decreases, as in the extreme case of fasting, changes in the
phylogenetic diversity, relative abundance, and microbial diversity may change, though this
pattern is not uniform across taxa. Interestingly, while fasting increased phylogenetic diversity of
gut bacteria in fish, toads, and mice, a decrease of phylogenetic diversity was seen in quail 94.
Altogether, changes in feeding behavior will likely have an impact on gut microbial communities
although the nature of the change may vary across species.
The field of urban microbial ecology is in its nascent stages, and key first steps still remain, from
how best to collect non-lethal samples of the gut microbiome to describing patterns of variation in
gut microbiomes across urbanization gradients, as well as steps to push this field forward into
experimental and functional assays of how the gut microbiome may or may not facilitate a host
adapting to urban environments. My dissertation addresses these gaps, from developing and
comparing protocols to experimental tests of urban drivers of gut microbial diversity. Together,
my work refines our understanding of why and how urbanization affects the composition of the
6

gut microbiome, building a foundation for future research to continue exploring the role of the gut
microbiome in urban ecology.

Dissertation Aims
Aim 1: Evaluation of non-lethal sampling methods for use in avian systems.
A key step in studying drivers of the gut microbial community is evaluating the methods used to
sample this community. Different physical and chemical microhabitats are present along a host
organism’s intestines, and digestive physiology and anatomy vary among host taxa and feeding
guilds. These differences in microhabitat select for different bacterial species, as well as different
community compositions 97. In some cases, investigation of the function of gut microbiota requires
repeated sampling of an individual, which necessitates non-lethal sampling. Such cases include
behavioral, dietary, environmental modulation, and long-term studies. Fecal or cloacal/rectal
swabs are often used to research bird and mammal gut microbiomes 98,99. However, non-lethal
samples could be problematic to use as direct representation of internal, functional gut microbial
communities because they represent different microhabitats. Therefore, a critical step in the use of
non-lethal sampling is to quantify the extent to which different non-lethal sampling methods
capture information about functional gut microbial communities.
I addressed this gap in knowledge for passerine birds by comparing the microbial communities of
feces and cloacal swabs, two common non-lethal sampling methods in birds 99, to the microbial
communities of functionally relevant large and small intestinal samples 100, as well as the more
physiologically distinct proventriculous as a point of contrast. I conducted this study in a model
system, Zebra Finches, (Taeniopygia guttata) using metabarcoding data from 16s rRNA. I asked
which, if any, gut functional communities that non-lethal samples represent. I also assessed
whether cloacal swabs or fecal samples are more representative of the large intestinal community.
The results from this study inform interpretation of past studies and the methods of future studies
using non-lethal approaches to sampling the gut microbial communities of songbirds.
Characterization of the gut microbiome using both internal and multiple non-lethal samples has
been done only once in birds, on an ostrich which has a different diet and anatomy than songbirds
101
. My data set thus fills the knowledge gap that exists regarding the use of non-lethal sampling
techniques in songbirds, which are granivorous passerines. Further, these results inform how
samples are collected and interpreted in my subsequent studies that used non-lethal sampling
techniques with a songbird.
Aim 2: Effects of urbanization on the avian gut microbiome.
A first step to understanding why urbanization influences gut microbial communities is to
investigate how different urban metrics correlate with gut microbial diversity. Urbanization brings
dramatic landscape changes 67, which alter the available surfaces and plant communities 21,102,103.
This in turn may shape the gut microbiome through different available food sources, as well as
different communities of environmental bacteria. I investigated the impact of the landscape on gut
microbial communities and found that variation in ground cover on individual territories
7

explained a significant but small amount of variation in alpha diversity of gut microbial
communities 15. The next step was to consider urban stressors, as changes in stress levels are known
to have short and long-term effects on the gut microbial community 30,104. There are many different
possible stressors to consider. I decided to start with noise pollution because noise is a biologically
relevant 74,88 and widespread source of pollution in the landscape 18 and is known to have negative
consequences for animal health 86, but has not yet been considered in the context of examining
animal gut microbial communities.
To address this gap in knowledge, I sampled gut microbial communities of white-crowned
sparrows (Zonotrichia leucophrys) holding territories on ten transects in and near to San Francisco,
CA. These transects occurred both in wildlife areas as well as in urban parks. Each transect
contained both relatively quiet and loud territories in order to tease apart the effects of noise from
other urban stressors on the composition of gut microbial communities. I also investigated whether
any of the sampled environmental variables, such as noise and territory land cover, or
morphological variables, such as bill depth and body size, correlated with microbial diversity and
community structure. Altogether, I was able to examine which environmental and morphological
factors predict how gut microbiome community membership and composition change between
urban and rural areas.
Aim 3: Isolation of an urban-associated variable (noise) and mechanistic investigation
The next step in further understanding what shapes gut bacterial communities is experimentally
testing variables that have been found to be important in wild populations
and investigating
mechanisms that explain these relationships. One obvious area to manipulate is diet. In a recent
study, Teyssier et al. showed that diets mimicking those of urban and rural house sparrows produce
different gut bacterial communities, and in some cases higher bacterial diversity can result in
higher body mass for the host 66. So differences in diet are clearly one factor associated with
urbanization that determines the composition of a bird’s gut bacterial community. However, this
experiment also found a significant shift in the composition of the gut microbiome before and after
bringing the birds into captivity, even in control groups fed diets from their own habitat type. This
is likely because other aspects of a bird’s environment besides food sources can influence a bird’s
physiology, thus shaping the gut microbiome. To determine the causes of differences we see in
avian gut bacterial communities in different habitats, we need to experimentally isolate other
variables associated with those habitats.
Among the variables found to be important for predicting gut bacterial communities in the
wild, noise is ecologically relevant and can be manipulated. Noise has an array of behavioral and
physiological consequences for birds that may determine the gut microbiome. In captivity, there
may be physiological processes that result from the stress of prolonged noise exposure. Stress
hormones can influence gut physiology 105–107, which in turn changes environmental conditions
for bacterial communities. Noise can also change the way a bird forages, and changes in diet can
shift gut bacterial communities 39,66,108. To determine the relative contribution of these two
variables (stress hormones and feeding behavior), and the overall impact of noise, I experimentally
tested these relationships. I used prolonged exposure to excessive noise as a source of stress due
to its prevalence in wild white-crowned sparrow habitats, and measured stress hormones (plasma
corticosterone) and feeding behavior as two potential mechanisms mediating the relationship
between urban noise and the gut microbiome. In this study I was able to examine multiple potential
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consequences of noise exposure on the avian gut microbiome as well as provide a framework for
further experimental work in this field.
Intellectual Merit
My dissertation research provides important advances to the fields of microbial and urban ecology.
Aim 1 provided the opportunity to implement and refine cutting edge research techniques such as
non-lethal sampling of gut microbial communities. This information was needed for the quickly
increasing number of studies that are examining avian gut microbial communities using non-lethal
sampling techniques. Aim 2 was the first to examine associations between noise pollution and the
avian gut microbiome in wild populations. It also provided significant advances to the sparse
literature regarding gut microbiomes of wild birds. Aim 3 was the first experimental test of how a
key urban stressor (noise pollution) affects the gut microbial community. It advanced how we think
about the impact of urbanization on animal health. Altogether, these studies advance our
understanding of how human alterations of the landscape affect avian gut microbial communities
and how we conduct research at the interface of gut microbial ecology and urban ecology.
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Abstract
Gut microbial communities play critical roles in the biological functions of their host, such as
mediating nutrient absorption, digesting food components the host cannot, and offering
protection against enteric pathogens. Extensive research on gut microbial communities has been
conducted on mammals, including humans and rodents, but much less work has been done in
birds. Furthermore, much of the research on host-microbe interactions make use of faecal
samples and rectal/cloacal swabs as a proxy for intestinal samples, which can be difficult to
obtain directly. However, little is known about the overlap between the microbial communities
of the gut, faeces, and swabs, which limits interpretability of results based on faecal samples and
swabs. To address this gap in knowledge, we compared the microbiome from five sample types –
proventriculus, small intestine, large intestine, cloacal swabs, and faeces – across individual
Zebra Finches Taeniopygia guttata housed in constant conditions with a standardised diet. We
compared diversity and community composition through 16S rRNA sequencing. Our results
show that microbial communities from both cloacal swabs and faeces were distinct from
proventriculus and small intestinal samples, but indistinguishable from large intestinal samples,
indicating that these non-lethal samples may be useful proxies for large intestinal bacterial
communities. Gaining insight into noninvasive sampling techniques for passerines has
implications for studies of gut microbial diversity and abundance in wild bird populations.
Further, reliable non-lethal sampling is necessary for experiments where repeated sampling is
required.
Introduction
Gut microbial communities play critical roles in the biological functions of their host, such as
mediating nutrient absorption, digesting food components the host cannot, and offering
protection against enteric pathogens. Extensive research on gut microbial communities has been
conducted on mammals, including humans and rodents, but much less work has been done in
birds. Furthermore, much of the research on host-microbe interactions make use of faecal
samples and rectal/cloacal swabs as a proxy for intestinal samples, which can be difficult to
obtain directly. However, little is known about the overlap between the microbial communities
of the gut, faeces, and swabs, which limits interpretability of results based on faecal samples and
swabs. To address this gap in knowledge, we compared the microbiome from five sample types –
proventriculus, small intestine, large intestine, cloacal swabs, and faeces – across individual
Zebra Finches Taeniopygia guttata housed in constant conditions with a standardised diet. We
compared diversity and community composition through 16S rRNA sequencing. Our results
show that microbial communities from both cloacal swabs and faeces were distinct from
proventriculus and small intestinal samples, but indistinguishable from large intestinal samples,
indicating that these non-lethal samples may be useful proxies for large intestinal bacterial
communities. Gaining insight into noninvasive sampling techniques for passerines has
implications for studies of gut microbial diversity and abundance in wild bird populations.
Further, reliable non-lethal sampling is necessary for experiments where repeated sampling is
required.
The importance of the gut microbiome to host biology is an area of research that is rapidly
growing. Gut microbiota can facilitate use of new ecological niches by breaking down food
sources not otherwise digestible by the host 1, thereby affecting host nutrition, immunity, and
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behaviour 2–4. For example, in Japanese Quails Coturnix japonica the microbiome influences fear
reactivity 5, and in the Zebra Finch Taeniopygia guttata sexual behaviour transmits and alters gut
bacteria 6. The fields of medicine, ecology and behaviour in particular are quickly expanding
their research scope to include measurements of the diversity, structure, and function of the gut
microbiome 7.
One outcome of this recent focus on the gut microbiome is an appreciation of the heterogeneity
in the diversity, structure and function of the gut microbiota across the host gastrointestinal (GI)
tract 8,9. This spatial heterogeneity affects sampling design depending on the systems or
questions being addressed. The most direct way to sample the gut microbial community is
through lethal sampling of intestinal contents that represent both mucosal (i.e. associated with
the mucous layer of the intestine) and luminal (i.e. associated with the internal space and bolus)
microbial communities 1. For example, studying foregut fermentation requires sampling
microbial communities directly from the foregut, while questions regarding hindgut fermentation
may be addressed by collecting gut samples from the cecum or colon. Therefore, a key
component of microbiome research is consistency in sampling methodology 10,11.
One aspect of experimental design that may influence sampling methodology is whether
animals are able to be sacrificed or must remain alive. For instance, in behavioural experiments it
is often required that we sample the same individual repeatedly over time to measure changes
within that individual. When studying animals of conservation concern, or sampling very large
numbers of animals we may be limited in how many can be sacrificed. Thus, it may not be
possible to collect samples from the gut directly in all studies (e.g. Callaway et al. 2006, Zheng
et al. 2016, Escallón et al. 2017). Therefore, identifying sampling protocols that are feasible,
repeatable, but still informative and relevant is imperative for advancing the field of hostmicrobe interactions.
Faecal samples and rectal/cloacal swabs are two common, non-lethal sampling methods, chosen
due to their physical proximity to the gastro-intestinal tract and their ease of collection (Fig. 1) 15.
However, these samples may not accurately capture the profile of gut microbial communities.
When investigating the microbial communities of faeces, the relative abundances of particular
microbes may differ from intestinal communities depending on their generation time, depth in
the intestinal mucous layer, or other factors that impact rates of bacterial sloughing 16. In birds,
amphibians and reptiles, researchers can collect information about gut microbial communities
from swabs of the cloaca (analogous to the mammalian rectum), the single orifice for both
reproductive and excretory products. Although swabbing of the cloaca is a convenient method of
sample collection, the cloaca is an aerobic environment, which may create different conditions
for bacteria than the anaerobic conditions of the intestines 17. Therefore, a critical step in the use
of non-lethal sampling is to quantify the extent to which different non-lethal sampling methods
capture information about gut microbial communities of interest.
Several comprehensive studies in various host species have demonstrated that non-lethal
sampling is possible, though it is unclear whether their results are widely applicable across other
host species 8,9,18 Recent studies conducted in House Mice Mus musculus 8, lizards (Liolaemus
parvus, Liolaemus ruibale, and Phymaturus williamsi; Kohl et al. 2016), and Ostriches Struthio
camelus 18 have compared non-lethal samples to direct sampling of the gastro-intestinal tract.
These studies have shown that non-lethal samples such as faeces accurately represent large
intestinal communities, but do not capture the bacterial communities of the foregut, small
intestine or cecal chambers. To date, the only avian species with studies of non-lethal sampling
techniques have been Ostriches and Chickens Gallus gallus 18,19. However, differences in
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digestive anatomy and physiology across host species may make it difficult to extrapolate these
findings to other species.
Avian diets vary widely, including nectivorous hummingbirds (Apodiformes), herbivorous
Ostriches (Struthioniformes), carnivorous birds of prey (Accipitriformes, Falconiformes etc.),
and a wide variety of diets across passerines (Passeriformes) 18,20,21. Further, digestive anatomy
varies dramatically among species. For example, cecal chambers (paired, sacculated diverticula
that host gut microbial communities) vary across avian species in their anatomy, presence and
number 22. Both Chickens and Ostriches consume large amounts of fibrous plant material and
thus rely on a community of fermenters in their ceca for digestion 22. In contrast, fermentative
processes are largely absent in passerines 23 and passerine ceca are largely vestigial 22. Because
of these differences in digestive anatomy, studies comparing non-lethal sampling techniques
need to be replicated in various species.
Passerines, or perching birds, are the largest avian radiation and one of the most widely studied
taxonomic groups 24. Therefore, establishing adequate non-lethal methodology to collect gut
bacteria in this group is a pressing issue. Passerines rely on the action of multiple gut regions for
food processing. Their stomachs are split into two parts: the proventriculus, which is comparable
to mammalian stomachs in that it is acidic, and the gizzard, which is muscular and carries out
mechanical breakdown of food using small stones and hard keratinized plates 22. Enzymatic
digestion as well as some nutrient absorption takes place in the small intestine, while the large
intestine is thought to be the primary site for microbial break down of food, as well as nutrient
and water absorption by the bird 3,25. Thus, when investigating bacterial communities of the gut
as they relate to host nutrition in passerines, most research studies focus on the large intestinal
community 22.
The present study tests the scope of non-lethal microbiome sampling techniques in passerine
birds. We compare the microbial communities of faeces and cloacal swabs, two common nonlethal sampling methods in birds, to the nutritionally relevant large and small intestinal samples,
as well as the more physiologically distinct proventriculus as a point of contrast. We assess
which, if any, internal gut communities are best represented by non-lethal samples. We predict
that inventories of cloacal swabs and faeces will be more representative of large intestinal
communities than those of other gut regions, due to the proximity and physiological similarity to
the large intestine. We also assess which non-lethal sampling technique (cloacal swabs or faecal
samples) better captures the diversity of the large intestinal community. Previous work in
Ostriches 18 suggests that faecal samples will be more representative of the large intestinal
bacterial community than are cloacal swabs 18, and we test that prediction here in a passerine.
Last, we test which non-lethal samples best capture individual variability in gut microbial
community composition, which may be important for experiments involving repeated sampling.
Methods
Housing conditions
We conducted our study in captive Zebra Finches, a passerine widely used as a study organism
in the fields of medicine, neuroscience and behaviour 26. There is evidence in other systems for
sex-dependent variation in gut microbial communities 27,28. To reduce this variation, our study
focused only on female Zebra Finches. Ten female Zebra Finches were housed in individual
cages in controlled conditions (22-23 °C, 13:11 hr light/dark photoperiod) at the Tulane vivarium
facility for three months prior to sample collection. All birds received Kaytee Forti-Diet Finch
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seed, grit, cuttlebone and water ad libitum. All care and research protocols were conducted in
compliance with Tulane University’s Institutional Animal Care and Use Committee (IACUC
Protocol #0427R).
Sample collection
In this study, we compared three samples that require sacrificing the animal (contents from the
proventriculus, small intestine, and large intestine) and two non-lethal sampling techniques
(collecting faeces and cloacal swabs). To collect faecal samples, we placed birds individually in
a cage inside an aseptic biosafety cabinet. Cages were sterilized with a 5% bleach solution,
rinsed with sterile water and finally rinsed with 75% ethanol and dried before housing a new
bird. An autoclaved foil bottom was then placed on the bottom of the cage for ease of collection.
Birds remained in the cage until two droppings were collected, or up to ten minutes. If ten
minutes elapsed without sufficient sample collection, we returned birds to their regular enclosure
and collection was attempted the next day. Faeces were stored in RNAlater (Qiagen, U.S.A.),
immediately frozen on dry ice, and stored at -80°C. We collected faecal samples within four days
prior to sacrifice 29.
To collect cloacal swabs, we cleaned the outside of the cloaca with an alcohol pad,
inserted a sterile swab (Puritan 25-3316-U Ultra Flocked Swab, U.S.A.) fully into the cloaca,
turned for 3-5 seconds, and preserved them in RNAlater. Less than 5 minutes after swabs were
collected, birds were euthanised using isoflurane as a primary method of euthanasia and
decapitation as a secondary method. Immediately after euthanasia, we de-feathered the belly and
transported the carcass to an aseptic biosafety cabinet. We dissected birds using sterile tools and
collected approximately 6 mm segments from the proventriculus, small intestine, and large
intestine (Fig. 1). Gut content samples were stored in RNAlater, immediately frozen on dry ice,
and stored at -80°C.
Sample processing
We extracted DNA from all samples using the MoBio Powersoil extraction kit (Mo Bio
Laboratories, Inc., Canada), with some modifications to the standard protocol as recommended
by Vo and Jedlicka (2014). DNA was extracted from whole gut segments to ensure all bacteria
contained therein was captured. Swab handle and head were removed from the extraction process
after the cell lysing step. Additionally, to further increase DNA yield, solutions C2 and C3 were
combined when precipitating non-DNA substances from the spin column at the recommendation
of a MoBio technician (personal communication).
We amplified the V4 region of the 16S rRNA gene using 515F/806R (resulting in ~292
bp amplicon) universal primers in a 25 µL final volume (Integrated DNA Technologies, USA) 31.
Each reaction contained: 12 µL sterile, molecular grade water, 1 µL bovine serum albumin, 10
µL 5’ hot Mastermix (Thermo Fisher, U.S.A.), 0.5 µL of each primer (at 100µM concentration),
and 2 µL of DNA template. Each reaction was performed in triplicate to reduce PCR bias. Water
was used as a negative control for each set of reactions. Denaturation of DNA was initially
performed at 94°C for 2 minutes, then cycling was carried out as follows: 94°C for 8 seconds,
annealing at 50°C for 20 seconds, extension at 72°C for 30 seconds; for 35 cycles. A final
elongation was performed at 72°C for 10 minutes. PCR success was verified with gel
electrophoresis.
Samples with fewer than two successful amplifications were re-amplified, and two or three
successful reactions of each sample were pooled in preparation for addition of Illumina tags.
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Samples that did not have at least two successful amplifications from the six attempted were not
included in sequencing and are not reflected in our results. In total we had 42 samples
successfully amplify from 10 birds (8 proventriculus, 10 small intestine, 9 large intestine, 5
cloacal swabs, 10 faecal samples). Dual-end barcodes modelled after TruSeq HT primers were
used to provide a unique combination for each sample (Integrated DNA Technologies, U.S.A.).
Successful tag addition was confirmed with gel electrophoresis by comparing size fragment with
untagged PCR products. After tag addition, concentrations of all samples were normalised using
a SequalPrep normalisation kit (Thermo Fisher, U.S.A.). The resulting PCR product was pooled
and purified using Agencort AmPure beads (Beckman Coulter, U.S.A.), then sent to GeneWiz,
LLC (U.S.A.) for sequencing on an Illumina MiSeq platform with v2 reagent kit and paired-end
250 bp protocol.
Sequence Processing
All sequence processing was completed using QIIME2 version 2019.7 32. We obtained a total of
12,433,478 sequences, with a median of 247,049 and a mean of 282,579 sequences per sample.
The lowest number of reads in a sample was 769, the highest was 1,920,361. Quality filtering
and read assembly was performed in QIIME2, using the divisive amplicon denoising algorithm
(DADA2) pipeline 33. We identified a total of 442 amplicon sequence variants (ASVs),
comparable to operational taxonomic unit (OTU) picking at a 100% sequence similarity
threshold (see Tables S1 and S2 for read and ASV counts per sample). A representative set of
sequences from all ASVs was made, and a tree was constructed from this set using a maximum
likelihood method implemented in FastTree 34. Taxonomy was assigned with the SILVA
database, and sequences identified as chloroplast, mitochondria or archaea were removed 35.
Samples were rarefied to the lowest acceptable read depth at 1041 reads for statistical analyses
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. See the Data Statement section below for sequences and processing/analysis reproducibility.
Statistical Analyses
We next compared the microbiome communities found in the non-lethal samples (faecal and
cloacal swabs) to the communities found in the lethal samples (proventriculus, small and large
intestine). We first examined variation in alpha diversity among samples. We calculated Shannon
diversity index in QIIME2 on the rarefied ASV table. Alpha diversity indices were compared
across all samples from all individuals using an ANOVA with post-hoc Tukey tests. These tests
were used to compare differences in alpha diversity between each of the non-lethal sample types
and the lethal sample types. We also used an ANOVA with post-hoc tests to examine our
assumption that the physiologically distinct proventriculus had a distinct microbiome.
We then examined beta diversity among samples. We calculated pairwise weighted and
unweighted UniFrac distances using QIIME2. UniFrac distances are a measure of community
dissimilarity that takes into account phylogenetic relatedness of members. Unweighted UniFrac
distance only considers presence/absence of taxa and can be thought of as a measure of
dissimilarity of microbial community membership among samples. Weighted UniFrac distance
takes into account the relative abundance of taxa between samples and is considered a measure
of dissimilarity of community structure among samples. Lower UniFrac distances between
samples indicate more similar communities. To test our hypothesis that our non-lethal samples
are representative of an internal community of interest, we compared variance of beta diversity
of the cloacal swabs and faecal samples to the variance of beta diversity of the large intestines
and small intestines using adonis in the R package vegan 36 and a t-test comparison of mean
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distances. To visualise the dissimilarity measures among communities we used a PCoA
generated in R with ggplot2 37.
Because each bird had multiple sample types (repeated measures), we assessed the ability of
non-lethal samples to capture individual variation in large intestinal microbial communities. For
this, we compared pairwise weighted UniFrac distances from the non-lethal sample within a
focal individual to the large intestinal community from that same bird (e.g., large intestines vs.
cloaca, large intestines vs. faeces; all within-individual distances). We then calculated UniFrac
distances between the large intestinal community of the focal individual and the non-lethal
samples of all other individuals (i.e. between-individual distances) and averaged these distances
so that each focal individual only had a single ‘between-individual’ distance. Finally, we
compared these within-individual distances to the between-individual distances using a paired ttest. Unless otherwise mentioned, all statistical analyses were conducted in R 38.
Results
Dominant Taxa
The class of bacteria (Epsilonproteobacteria) dominant in our community of interest (large
intestine, 71.7%) was also the dominant class of bacteria in our non-lethal samples, faeces
(65.8%) and cloacal swabs (82.5%) (Fig. 2). This class of bacteria was present at much lower
levels in the small intestines (17%) and proventriculus (12.7%). The only class that was in the
top three most abundant across all our sample types was bacilli (cloaca 14.4%, faeces 22.0%,
large intestines 27.4%, small intestines 79.1%, proventriculus 29.0%; Fig. 2). For most of our
samples a small portion of bacteria were not assigned to class level (small intestines=1.33%,
large intestines=0.10%, cloacal swab=0.07%, faeces=0.22%), but a considerably higher portion
of the proventricular bacteria were not assigned to class (6.63%).
Alpha Diversity
There was a significant effect of sample type on the Shannon diversity index (One-way ANOVA
F4, 38 = 5.383, P = 0.001). Cloacal swabs (mean (m) = 1.13, standard deviation (sd) = 0.40) and
faecal samples (m = 1.23, sd = 0.70) did not differ significantly from any other sample type
except the proventriculus in terms of Shannon diversity (post-hoc Tukey, all P > 0.05). The
bacterial community of the proventriculus (m = 2.25, sd = 0.51) had significantly higher alpha
diversity than the small intestines (m =1.14, sd = 0.51), the large intestine (m = 1.05, sd = 0.54),
and both non-lethal samples (post-hoc Tukey HSD, all P < 0.05; Fig. 3).
Beta Diversity : Comparison among lethal and non-lethal samples
We conducted a principal coordinates ordination on unweighted and weighted UniFrac distances
to examine community membership and structure among the bacterial communities of lethal and
non-lethal samples. Weighted UniFrac distances (Fig. 4B) explained more variation in gut
microbial community than unweighted UniFrac distances (Fig. 4A) (weighted PCO1 = 58.56%,
unweighted PCO1 = 34.17%). Weighted UniFrac distances (which take relative abundances of
microbial taxa into account) explained a greater proportion of variation among all sampled
bacterial communities than unweighted Unifrac distances (which only consider presence/absence
of taxa).
22

Evaluation of cloacal swabs
First, we compared the community membership and structure of cloacal swab bacterial
communities to each lethal sample type. Cloacal swab bacterial community structure did not
differ significantly from the large intestine in terms of community membership, but was
significantly different from the large intestine in terms of community structure (unweighted
P=0.253, weighted P=0.01; adonis on unweighted and weighted UniFrac distances; Fig. 4; Table
1). Cloacal swabs were also significantly different from the small intestine and proventriculus
both in terms of community membership and structure (weighted and unweighted P<0.005;
adonis on weighted UniFrac distances; Fig. 4; Table 1).
We then compared the relative distances between various bacterial communities and the cloacal
swab bacterial communities in terms of membership and structure. The cloacal swab
communities exhibited significantly higher distances to the small intestine than to the large
intestines in terms of community membership (P<0.001; t-test on unweighted UniFrac distances;
Fig. 5; Table 2). The proventriculus was significantly further from the cloacal swabs than both
the small intestine and large intestine in terms of community membership (both P<0.001). No
sample was significantly closer than another to cloacal swabs in terms of community structure
(sm. v lg. P=0.75, pr. v lg. P=0.36, pr. v sm. P=0.23; t-test on weighted UniFrac distances; Fig.
5; Table 2).
Evaluation of faeces
We compared the community membership and structure of faecal samples to each lethal sample
type. Faecal bacterial communities did not differ significantly in terms of community
membership or structure from the large intestinal communities (unweighted P=0.913, weighted
P=0.4; adonis on weighted UniFrac distances; Fig. 4; Table 1). Fecal samples were significantly
different from the small intestine and proventriculus both in terms of community membership
and structure (adonis on unweighted UniFrac distances; Fig. 4; Table 1).
We then compared the relative distances of the gut bacterial communities to the faecal
bacterial communities in terms of membership and community structure. The faecal sample
communities exhibited significantly higher distances to the small intestine than large intestines in
terms of community membership and structure (unweighted P<0.001, weighted P=0.03; t-test on
unweighted and weighted UniFrac distances; Fig. 5; Table 2). The proventriculus was
significantly further from the cloacal swab than both the small intestine and large intestine in
terms of both community membership and structure (all P<0.005 t-test on unweighted UniFrac
distances; Fig. 5; Table 2).
Paired Non-lethal Sample Comparison
Cloacal swabs captured some individual variation of bacterial diversity in the large intestine.
Pairwise distance measurements between faecal samples and large intestine bacterial
communities within an individual were significantly smaller than pairwise distances measured
across individuals for community membership, but not community structure (t-test on
unweighted and weighted UniFrac distances; Fig. 6, Table 2). In comparison, faecal samples did
not capture individual variation in bacterial diversity of the large intestine (t-test on unweighted
and weighted UniFrac distances; Fig. 6, Table 2). There were no significant differences between
within-individual distances and distances across individuals (t-test on unweighted and weighted
UniFrac distances; Fig. 6, Table 2). In other words, the microbial community of an individual's
faeces was just as similar to the microbial community of the large intestine of a different
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individual as to its own large intestine.
Discussion
We found that non-lethal sampling techniques are representative of relevant gut microbial
communities (large intestinal samples) in a passerine bird. Both cloacal swabs and faecal
samples were most representative of the large intestinal gut microbial community (see Figs. 3-5),
and distinct from the community residing in the proventriculus (Fig. 5). Furthermore, bacterial
communities sampled with both cloacal swabs and faeces were distinct from those sampled in
the small intestine. Additionally, although both non-lethal sample types were representative of
the large intestine, cloacal swabs better captured individual variation in community membership
than did fecal samples (Fig. 6). Below we discuss potential mechanisms for these differences, as
well as the implications they could have for designing and interpreting microbiome research in
passerine birds.
The dominant class of bacteria in our large intestinal samples (Epsilonproteobacteria) has also
been found in a Zebra Finch study using bacterial culturing techniques to study gut microbiota 29
and was found at low levels in a broader study of 12 Darwin’s finch species, which included
several granivorous species, using 16S rRNA inventories as our study did 39. Both studies used
faecal samples as a proxy for gut communities.
We identified five classes of bacteria not found in the previous study of Zebra Finch gut
microbiota. These classes were: Cytophagia, Deltaproteobacteria, Alphaproteobacteria,
Betaproteobacteria and Fusobacteriia. Most of these five classes comprised less than 1% of any
faecal sample. Since Benskin et al. (2010) only used faecal samples in their study of Zebra Finch
microbiota, this could explain why they did not find these classes of bacteria. Coriobacteriia,
Cytophagia and Deltaproteobacteria were not found in any of the faecal samples of 12 Darwin's
finch species studied by Michel et al. (2018), and these bacteria were not found in our faecal
samples. Six classes of bacteria identified by Michel et al. (2018) were not present in any of our
samples and were also not present in their granivorous species, except for Clostridia.
As predicted, we found that when comparing across all sampled Zebra Finches, both faecal
samples and cloacal swabs capture the bacterial diversity of large intestine microbial
communities in a passerine (Figs. 3-5). These non-lethal sample types were not significantly
different from the large intestinal samples in terms of alpha diversity measures, or microbial
community membership, and fecal samples did not differ from the large intestine in terms of
community structure. Other studies have also found that non-lethal samples can capture
information about the gut microbial community 8,9,18. For example, one study found that faecal
samples were representative of hindgut bacterial communities in three lizard species (but did not
measure cloacal swabs) 9. Our findings somewhat agree with those of Videvall and colleagues
(2017) on ostriches, in which they compared faeces and cloacal swabs to the ileum (small
intestine before the ceca), ceca, and colon (large intestine after ceca). They found that faecal
samples were an accurate representation of the colon, but unlike our study they found cloacal
swabs to be distinct from the colon in terms of community composition. This difference in
results may be due to anatomical differences between these species. Due to size, cloacal swabs of
a small Zebra Finch may be sampling an area much closer to the colon than a cloacal swab of an
ostrich. Additionally, animal and gut size can affect the diffusion of oxygen into the lumen,
which may result in different abundances of oxygen-tolerant bacteria between large and small
birds 40. Smaller birds with smaller luminal space in the large intestine may support more
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oxygen-tolerant bacteria, and therefore cloacal swabs may capture communities more similar to
the semi-aerobic environment of the large intestine. Conversely, larger birds such as ostriches
might harbor a highly anaerobic community in the large intestine, and so cloacal swabs may not
capture a representative community.
We also found that cloacal swabs are better at capturing individual variation in the gut
microbiome than cloacal swabs in Zebra Finches (Fig. 6). This result suggests that cloacal swabs
most closely represent the large intestine of the specific bird they were collected from in terms of
which bacteria are present. In contrast, fecal samples were just as similar to another bird’s large
intestine microbial community as to the large intestine of the bird from which they were both
collected. As non-lethal sampling is often used in behavioural studies, a key aspect is capturing
slight individual variation in microbial communities. This finding suggests that for studies of
passerine birds, cloacal swabs are better than faeces for capturing fine scale variation of
microbial community membership of the large intestine among individuals.
In accordance with Vo and Jedlicka (2014) and Kohl (2017) we also recommend using
properly collected and stored cloacal swabs to address questions about the composition of the
large intestines and fine scale individual variation in gut microbial diversity. Faecal samples are
sufficient when the goal is to characterise or survey the gut microbial communities of a
population or across experimental groups. Choosing between these two sample types may
depend on the circumstances of sampling. For example, cloacal samples are ideal if time is
constrained and birds are already being handled, whereas faecal samples may be preferable when
a less invasive method is desired 41. It is important to note that we sampled only males, which
means additional studies may be needed to assess if there are any sex-specific effects on the
similarity between lethal and non-lethal microbial communities. Overall, we found that both
types of non-lethal sampling are useful in passerines.
Our study indicates that replication of sampling validation across different digestive
strategies and diets are important. Comparing our findings for non-lethal sampling in passerines
to one conducted in ostriches 18, which have distinct digestive physiology, is informative. Both
studies suggest that faecal samples are representative of gut bacterial communities in the large
intestine. However, the studies do not agree on the use of cloacal swabs. The ostrich study found
that cloacal swabs are significantly less representative than are faecal samples, but we find that
cloacal swabs do capture information about the bacterial community in the large intestine. These
findings suggest that one should not use cloacal swabs in ostriches whereas they are useful for
work in passerines. Future work in birds should assess the usefulness of non-lethal sampling in
different avian lineages, especially those with different GI anatomy as it is a proxy for alternative
physiological strategies for processing food. For example, we still do not know if non-lethal
samples are representative of the large intestine (or other gut region of interest) for taxa such as
carnivorous raptors or nectivorous hummingbirds. These types of comparison studies are
fundamental to provide researchers with tools to better select the appropriate sampling technique
for their study system.
We are grateful for the help of Emily Norris in sample collection and preparation, Casey
M. Coomes, Jennifer N. Phillips, Sara Lipshutz, Kimberly Micotto, and the vivarium staff at
Tulane University for bird care. We thank the Associate Editor Ben Smit, Editor Rauri Bowie,
and two anonymous reviewers for comments on the manuscript. This study was supported in part
by funding from the Ecology and Evolutionary Biology department at Tulane University.
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Data statement
All scripts and files needed to reproduce our analyses are available on GitHub
(https://github.com/mBerlow/ibis2019) and sequences are available from the Sequence Read
Archive (accession # PRJNA575875)
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Chapter 2 - Effects of Urbanization and Landscape on Gut Microbiomes in WhiteCrowned Sparrows
The materials in this chapter were published in Microbial Ecology in 2021
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Abstract
Habitats are changing rapidly around the globe and urbanization is one of the primary drivers.
Urbanization changes food availability, environmental stressors, and the prevalence of disease
for many species. These changes can lead to divergence in phenotypic traits, including
behavioral, physiological and morphological features between urban and rural populations.
Recent research highlights that urbanization is also changing the gut microbial communities
found in a diverse group of host species. These changes have not been uniform, leaving
uncertainty as to how urban habitats are shaping gut microbial communities. To better
understand these effects, we investigated the gut bacterial communities of White-Crowned
Sparrow (Zonotrichia leucophrys) populations along an urbanization gradient in the San
Francisco Bay area. We examined how gut bacterial communities vary with the local
environment and host morphological characteristics. We found direct effects of environmental
factors, including urban noise levels and territory land cover, as well as indirect effects through
body size and condition, on alpha and beta diversity of gut microbial communities. We also
found that urban and rural birds’ microbiomes differed in which variables predicted their
diversity, with urban communities driven by host morphology, and rural communities driven by
environmental factors. Elucidating these effects provides a better understanding of how
urbanization affects wild avian physiology.
Introduction
Urbanization is rapidly transforming habitats around the globe 1, leading to the extirpation of
several species 2, and numerous novel selection pressures on animal behavior and physiology 3.
Urban and rural habitats are often different in a number of factors important to native organisms,
including food availability 4, environmental stressors 5, and prevalence of disease 6, which can
lead to divergence in phenotypic traits, including behavioral, physiological and morphological
features 7.
Recent research highlights that urbanization is also changing the gut microbial communities
found in a diverse group of hosts, including birds 8, mammals 9, and reptiles 10. Notably, the
effects of urbanization on gut microbiomes have not been uniform – with some studies finding
higher microbial diversity and others lower diversity in urban hosts 11,12 – leaving uncertainty as
to how urban habitats are shaping gut microbial communities. There is a clear need to understand
these effects, because changes in the gut microbial community can affect an animal’s
development 13, nutrient absorption 14, and pathogen defense 15, among many other traits likely
important to the host persisting in urban environments 16,17. A first step is to ask whether certain
features of the urban environment, or of host morphology as it varies with the urban
environment, can explain differences in the gut microbiome among urban and rural host
populations.
Environmental factors associated with urbanization—such as landscape cover—can have both
direct and indirect effects on the gut microbiome. The type of landscape cover present can filter
which bacteria are present in the environment and thus available to colonize animal’s intestinal
tract 18. Additionally, landscape differences influence host diet which can in turn select for
different gut bacterial communities 19. Urbanization can also indirectly affect the gut microbiome
via habitat degradation. Increased impervious surfaces, decreased plant diversity, disruptions
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in light/dark cycles and noise are all types of habitat degradation which can act as environmental
stressors with physiological consequences 20, which could change gut bacterial communities 21.
For example, chronic excessive noise increases the stress hormone corticosterone in birds 22, and
corticosterone can affect digestive physiology 23. Noise can also disrupt social interactions
between animals 24, foraging behaviors 25, and predator-prey interactions 26, and all of these
behaviors have been associated with shifts in bacterial community structure and membership 27.
However, relatively little is known about how specific urbanization metrics such as landscape
cover and noise pollution co-vary with the gut microbiome.
Host morphology is another effect of urbanization that can impact gut bacterial communities.
Urbanization can affect some aspects of an animal’s morphology, for example urban house
sparrows are smaller with lower body condition than their rural counterparts 12. Urbanization can
also cause chronic stress which has lasting, even trans-generational effects on body size 28. Host
size and condition have been associated with bacterial diversity and community structure,
although the direction and cause of these relationships is often unclear. Gut volume and animal
size predict bacterial diversity across vertebrate taxa, which suggests morphology impacts the
microbiome 29. However, bacterial diversity can also feed back and impact morphology, as
evidenced by the induction of obesity in rodents via microbiome transplants 30. Alternatively, a
third variable, such as differences in diet between urban and rural locations, may change both
host development and ultimately size, condition, and gut bacteria 19. Regardless of the direction
of the effect, including morphological information in studies of wild gut microbiomes is critical
because morphology can vary with urbanization, and morphology is related to gut bacteria.
Here, we investigated how gut bacterial communities vary along an urban-rural gradient of a
native species persisting in urban environments, White-Crowned Sparrows (Zonotrichia
leucophrys). This study expands on a previous study that found urban birds had higher Shannon
Diversity than rural birds, and an association between Shannon Diversity and one measure of
territory land cover, but left many questions unanswered regarding how environmental and
morphological variables might contribute to gut microbial diversity in urban landscapes. We first
assessed differences between urban and rural habitats in a bird's environment, morphology and
gut bacterial community. We then addressed how aspects of a bird’s environment and
morphology co-vary with their gut bacterial community. We predicted that alpha and beta
diversity would vary with environmental and morphological variables. In this species, we have
reason to predict that alpha diversity will be higher in more urbanized landscapes (e.g. higher
impervious surface and high noise levels), because our previous work suggests that at least one
measure of alpha diversity is higher in urban areas 12. We also predict that higher levels of alpha
diversity will be associated with birds in higher condition. We predicted that higher beta
diversity would occur between, rather than within, urban and rural populations, reflecting
environmental differences between these landscapes and morphological and physiological
differences between these populations 31. Overall, we designed our study to assess how
urbanization is shaping gut bacterial communities of a songbird.
Methods
Study species
The Nuttall's White-Crowned Sparrow (Zonotrichia leucophrys nuttalli; NWCS), a sub-species
of White-Crowned Sparrow, is an ideal candidate for studying the effects of urbanization on wild
avian gut microbiomes. They are a coastal scrub species that breeds in both rural scrub
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habitats and urban parks, including in the San Francisco Bay Area 32. Males defend a small
territory during the breeding season and are residents year-round, making it feasible to identify
important environmental variables that might affect their gut microbiome. They are relatively
easy to capture, facilitating taking morphological measurements and collecting non-lethal
samples of gut microbial communities (via cloacal swabs) 33.
Study locations
We sampled a total of 82 male birds during the breeding season between May 30th and July 1st
2016. We sampled male birds holding territories along ten transects. These transects occurred in
both urban (n = 7) and rural (n = 3) locations (Fig. 7, Fig. S1; also described in [12]). Each
transect was approximately 2 kilometers long (range 1.7 – 2.6 km) and we sampled
approximately 10 males holding territories along each transect (see below). All transects
occurred within a sampling area approximately 1400 sq km. These transects were designed for a
separate study investgating the relationship between bird song production and noise levels, and
so the transects occurred along noise gradients within both urban and rural landscapes 12. Noise
transects also reflect changes in landscape, including increasing impervious surfaces in urban
areas, where the main noise source is roads, and more open areas in rural areas, where the main
noise source is ocean surf. There were seven urban transects: five within the Presidio, one in
Fort Funston near Lake Merced within San Francisco and one in the area of Richmond in the
East Bay (Fig. 7). Presidio territories were in heavily trafficked park areas, many near the Golden
Gate Bridge and other high traffic roads. Although Fort Funston is within the city of San
Francisco and receives recreational foot traffic, it also contains areas closed to foot traffic where
a number of sampled sparrows held territories. Richmond territories were largely in or near a
suburban park or adjacent to residential yards. There were three rural noise transects: one each in
Abbotts Lagoon, Limantour Beach, and Commonweal. All three of these sites occur within the
Point Reyes National Seashore (Fig. S1). All rural sites were almost entirely scrub habitat of
varying densities. Commonweal territories sometimes experience cattle grazing, Limantour
territories were relatively close to the ocean compared to other rural territories, and Abbot’s
Lagoon territories were inland along a freshwater to brackish pond.
Sampling and morphological measurements
Males were captured using mist nets (Avinet Research Supplies; Portland, ME) set up on
their breeding territory with playback of a local NWCS song as a lure between 7:00am and
1:00pm (inMotion iMT320 speaker (Altec Lansing, New York, NY, U.S.A.). North and west
coordinates were recorded using a Garmin GPS (Table S1), at the approximate center of each
male's territory, as determined by multiple visits and observation of banded birds 34. We sampled
only males because they are the more aggressive defenders of the breeding territory and attacked
the speaker more often, making them easier to capture. We did not include any females netted
(n=4) because we wanted to achieve a sufficient sample size at each location, and sex differences
in the gut microbiome are probable 35. For each bird, we recorded fat score, plumage wear,
plumage fade, wing chord, mass, tarsus length, bill length, bill width, and bill depth
measurements, following Pyle, 1997. We estimated body condition by calculating the scaled
mass index using tarsus as the length variable 37. We collected cloacal swabs by cleaning the
cloaca with an aseptic alcohol swab and inserting a sterile swab (Puritan 25-3316-U 6" Sterile
Mini-Tipped Nylon Ultra Flocked Swab with Polystyrene Handle) completely into the cloaca
and gently turning for 3-5 seconds. We used RNAlater to preserve swabs and stored them in a
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-20° C freezer within 12 hours of collecting. Sampling techniques were approved by Tulane
University Institutional Animal Care and Use Committee (protocol 0427-R), Bird Banding
Laboratory Permit (23900), California State Collecting Permit (6799), Golden Gate National
Recreation Area (GGNRA) Scientific Research and Collecting Permit (GOGA-00079), San
Francisco Parks and Recreation Permit (032014), and Point Reyes National Park Scientific
Research and Collecting Permit (PORE-0014).
Environmental measurements
For each bird, we also collected data from their breeding territory on: ambient noise level
(LAeq dB re: 20 μPa, 8–20 kHz), percent tree, grass, scrub and impervious surface cover,
distance to minor road, and distance to freeway. Noise level was recorded using a Larson Davis
Model 831 sound level meter with a preamplifier (Larson Davis, Depew, New York, USA). We
recorded one minute of sound in each cardinal direction and calculated the average noise reading
for each territory (following Brumm 2004). Readings interrupted by high wind or sudden noise
were discarded and re-recorded. NWCS defend a territory with an approximately 50-meter
radius, so we analyzed land cover data for a 50-meter radius around our GPS coordinates to
calculate land cover. We created polygons using the polygon measuring tool for each land type
(impervious, tree, shrub, grass) within our territory using Google Earth Pro high resolution
imagery (Google, Mountain View, California, USA). To measure distance from freeways and
minor roads, we used the Google Earth measuring tool to measure from the center of the territory
to the closest small road and major road.
DNA Extraction and 16s Library Preparation
We extracted DNA from cloacal swabs using the MoBio Powersoil extraction kit and
recommended protocol, with modifications recommended by Vo and Jedlicka 39. Additionally,
we combined solutions C2 and C3, which precipitate non-DNA substances to increase DNA
yield as recommended by MoBio technicians (personal communication 2016). We also included
an extraction blank to control for possible contamination, which did not successfully amplify
after 6 PCR attempts.
We amplified the V4 region of the 16s rRNA gene using 515F/806R primers in 25ul reactions
(Integrated DNA Technologies, Coralville, IA, USA)40. Each reaction contained: 12 uL sterile,
molecular grade water, 1 uL bovine serum albumin, 10 uL 5’ hot Mastermix by Thermo Fisher,
0.5 uL of each primer, and 2 uL of DNA template. Each reaction was performed in triplicate to
reduce PCR bias. Water was used as a negative control for each set of reactions. Denaturation of
DNA was initially performed at 94°C for 2 minutes, then cycling was carried out as follows:
94°C for 8 seconds, annealing at 50°C for 20 seconds, and extension at 72°C for 30 seconds; for
35 cycles. A final elongation was performed at 72°C for 10 minutes. PCR success was verified
with gel electrophoresis.
We pooled each sample’s amplicon triplicates and added dual-end Illumina barcodes in the style
of TruSeq HT primers (Illumina Inc., California USA). We used gel electrophoresis alongside
untagged PCR product to confirm successful addition of tags. We normalized concentrations of
all samples using a SequalPrep normalization kit from Thermo Fisher, then pooled PCR product
and purified using Agencourt AmPure beads. GeneWiz, LLC sequenced our library on an
Illumina MiSeq platform with v2 reagents, two by 250 base pairs.
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Sequence processing
Sequences were processed in QIIME2 version 2018.4 (qiime2.org) 41. We used the Divisive
Amplicon Denoising Algorithm (DADA) to remove sequence errors, and trim primers from
sequences 42. We aligned sequences, then generated a phylogeny using FastTree, then rooted the
tree at the midpoint 43. Sequences were grouped at 100% similarity (i.e. amplicon sequence
variants). We assigned taxonomy using GreenGenes 44. Finally, we filtered out all mitochondrial,
chloroplast, and archaeal sequences. We obtained a total of 5,973,986 sequences
(mean=104,859, SD=73,186; see Table S1 for sequence and OTU counts for each sample). All
sequences are available on the NCBI sequence repository (PRJNA634155). Scripts for
processing sequences and replicating all analyses are available on Git Hub
(https://github.com/mBerlow/urbangutmicrob2020).
Data Analyses
Environmental and morphological variables
We analyzed whether our measured environmental and morphological variables varied between
urban and rural habitats and among the ten transects using Welch’s two sample t-tests.
Bacteria taxa
To identify bacterial taxa that are differentially abundant between urban and rural populations we
performed linear discriminant analysis effect size (LEfSe). This was accomplished by uploading
a rarefied ASV table to the Galaxy project platform, and using the LEfSe module by the
Huttenhower lab 45. LEfSe uses a Kruskal-Wallis rank-sum test to identify taxa that differ
between groups and to test for uniformity among groups. Last, to determine effect size of
differential taxa, it uses linear discriminant analysis (LDA) and creates a histogram.
Alpha diversity analyses
Alpha diversity metrics were calculated from an OTU table rarefied to a depth of 1000
sequences. Alpha diversity was measured using Hill numbers, which provide multiple measures
of alpha diversity in the same units (effective number of species). Hill number transformations
are calculated as orders of q, written as qD, with q of 0 (0D) representing bacterial richness, q of 1
(1D) representing exponential of Shannon entropy, including both richness and evenness, and q
of 2 (2D) representing the inverse of Simpson’s index wherein species are weighted according to
their abundance 46. This means that the effective number of species is less sensitive to rare
bacteria (diversity) as q increases. Hill numbers were calculated using the ‘d’ function in the R
package ‘vegetarian’ 47. We also calculated Faith’s Phylogenetic diversity in QIIME2 to account
for phylogenetic relatedness of bacteria in alpha diversity 41. Building on our previous work that
found differences in Shannon diversity index between urban and rural gut bacterial communities
12
, we assessed whether urban and rural samples are different in all measures of alpha diversity
(0D, 1D, 2D, and Faith’s pd) using t-tests.
We next ran model selection to determine the importance of environmental and morphological
variables in explaining variation in bacterial alpha diversity. We did this first with urban and
rural samples combined and then second with urban and rural samples treated separately. We zscaled all variables (response and predictor variables) before inputting them into our models. To
determine if any of our predictor variables were collinear, we conducted a variance inflation
factor analysis (VIF). VIF is a method of measuring multicollinearity between independent
variables which can be used to inform adjustments to a model that will increase it’s ability to
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detect realtionships between dependant and independent variables. West coordinate, percent
scrub, and distance to freeway had VIF scores above ten (high collinearity). We removed those
variables and ran VIF analysis again, at which point no variables had a VIF above five. We ran
model comparison using the remaining 14 variables (8 morphological: fat score, plumage wear
and fade, wing chord, condition, bill length, width, and depth; 6 environmental: noise, north
coordinate, percent tree, grass and impervious surface cover, and distance to minor road). We ran
all possible linear models (total 16,383) using the lm function from the “stats” package in R 48.
We then calculated AICc values and weights for all models using the function aictab from the
“AICcmodavg” package in R 49. From these we calculated the weights of each predictor variable
using the importance function, which adds the weights from all models including each variable
to determine their overall contribution. We then unconditionally averaged all models using the
modavg function from the “AICcmodavg” package to obtain our final model and variable
weights 49. Important variable scatter plots were generated using ggplot 2 50.
Beta diversity – ordination and dbRDA
We next calculated beta diversity, a measure of how much of a community changes from
one point to the next. We calculated four standard measures of beta diversity using QIIME2 41:
weighted UniFrac, Jaccard, unweighted UniFrac, and Bray-Curtis distances. The former two can
be considered to represent microbial community membership, and the latter two to represent
microbial community structure 51. UniFrac distances account for phylogenetic relatedness. Using
QIIME2, we created dissimilarity matrixes for each distance measure and reduced
dimensionality using principal coordinates analyses (PCoA). To assess dissimilarities in
community membership and structure between urban and rural birds, we visualized the first two
PCoAs for each distance measure, using ggplot2 50.
Next, we examined variation in beta diversity in terms of community membership and
structure. In this context, we are examining how much microbial community membership and
structure are changing from one bird to the next. We examined beta diversity both across all
birds and separately for urban and rural birds using all four measures of distance. We first asked
whether groups differed according to habitat using a PERMANOVA performed with the function
adonis in the R package vegan 52. We then asked whether environmental and morphological
variables can explain beta diversity using ANOVAs within the distance-based redundancy
analyses (dbRDA) with 10,000 permutations in the vegan package in R 52.
Results
Environmental and morphological variables
Our sample sites were chosen as either rural or urban sites, and to quantify this categorization we
measured many potential indicators of urbanization. All of the measured environmental variables
were significantly different between urban and rural locations (Welch’s t-test, p < 0.05; Table 3),
except for percent grass (t=-1.53, P=0.134). Percent tree (t=6.14, P<0.001) and impervious
surface cover (t=4.83, P<0.001), and noise (t=7.33, P<0.001) were significantly higher in urban
areas, whereas percent scrub cover (t=-4.46, P<0.001) was significantly higher in rural areas.
The only morphological feature different between urban and rural areas, after Bonferroni
correction for multiple tests, was plumage wear (Welch’s t-test, p < 0.001; Table 3). Bill size,
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plumage fade, wing chord, cloacal protuberance, fat scores and body condition were not
significantly different between urban and rural areas.
Bacterial taxa
We found 23 families to be differentially abundant between urban and rural birds (LDA
scores > 3, Fig. 8). Urban birds had significantly higher abundances of Enterobacteriaceae,
Camplylobacteraceae, Phormidiaceae and 11 others. Rural birds had significantly more
Mycoplasmataceae, Ktedonovacteraceae, Diplorickettsiaceae, and six others.
Bacterial richness is higher in urbanized landscapes
We found support for our prediction that alpha diversity is higher in the urban as
compared to the rural habitat; however, this pattern was significant only for bacterial richness
(0D) (t=2.077, P=0.041, urban mean=107.2, rural mean=80; Fig. 9; Table S2). We did not find a
significant difference in 1D, 2D, or Faith’s phylogenetic diversity between birds from urban and
rural habitats (t=1.174, 0.884, & -1.8484 respectively, P=1.174, 0.379, & 0.071, urban
mean=21.6, 11.6 & 9.31, rural mean=16, 9.2 & 7.76; Fig. 9; Table S2).
Alpha diversity predictors differ according to weight of rare bacteria
In the final overall averaged model combining urban and rural samples, percent grass
cover was the most important predictor for richness (0D w+ =1; Table S3&4, Fig. 10). North
coordinate i.e. geographic location was the most important predictor for 1D and 2D (1D w+ =0.71;
2
D w+ =0.61; Table S3&4, Fig. 10) The next three most important predictors for bacterial
richness (0D) were bill depth (w+=0.73), north coordinate, (w+=0.7) and noise (w+=0.58). For
both 1D and 2D the next three most important predictor variables after north coordinate were
wing chord (w+=0.56, 0.56; respectively), noise (w+=0.54, 0.52), and bill depth (w+=0.51, 0.46).
All other predictor variables for all levels of q were less than 0.5. Three of these environmental
variables (percent grass, north coordinate, and noise) drop in importance, as rare species are
down-weighted. We also ran our models with Faith’s PD as the response variable, but the results
did not differ notably from those of the hill numbers (Table S2, S3).
To further examine patterns in alpha diversity, we plotted important variables separately against
orders of q, for all birds combined (Fig. S2; Fig. S3). These ordinations showed us that although
some variables – such as percent grass cover – were the most important variable in our averaged
model, most of these variables alone were not tightly correlated with alpha diversity. Richness
(0D) had a relatively high R2 value when plotted against bill depth.
Predictors of alpha diversity differ for urban and rural birds
We next ran all possible models separately for urban and rural samples. We found that
the most important predictors of alpha diversity were not the same for urban and rural samples
(Fig. 10). For bacterial richness (0D) in urban models, bill depth was the most important variable
(w+=0.72), followed by bill length (w+=0.58), percent tree cover (w+=0.57), and noise
(w+=0.54). However, in rural samples, percent grass (w+=0.99) and tree cover (w+=0.57) best
predicted species richness. When rare bacteria are down-weighted (1D or the exponential of
Shannon index, 2D or inverse Simpson’s index) urban gut bacterial alpha diversity is best
predicted by bill length (1D w+=0.93, 2D w+=0.93) and depth (1D w+=0.59, 2D w+=0.58), and
wing chord (1D w+=0.67, 2D w+ =0.65). In contrast, in rural areas, alpha diversity is best
predicted by percent grass (1D w+=0.95, 2D w+=0.79) and tree cover (1D w+=0.5, 2D w+=0.57),
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north coordinate (1D w+=0.89, 2D w+=0.83), and distance to minor road (2D w+=0.78) as rare
bacteria are down-weighted. Altogether, we find that urban gut alpha diversity is best explained
by morphological variables whereas rural gut alpha diversity is best explained by environmental
variables.
We then considered how predictor variables change in importance, as rare species are
down-weighted within urban and rural samples. We find that for urban samples, the
morphological variables increase or stay the same in importance as rare species are downweighted. In contrast, the environmental variables are only above 0.5 in importance for 0D and
drop precipitously for higher orders of q. We find that for rural samples, percent grass and
percent tree cover decrease slightly as q increases but north coordinate increases in importance as
q increases. This latter pattern is nearly the opposite of what was found for environmental
variables when urban and rural samples were combined.
To further examine patterns in alpha diversity, we plotted important variables separately
against orders of q, for both rural and urban birds (Fig. S2, Fig. 9). These ordinations showed us
that although some variables – such as percent grass cover – were the most important variable in
our averaged model, most of these variables alone were not tightly correlated with alpha
diversity. Richness (0D) had a relatively high R2 value when plotted against bill depth and bill
length for urban birds, such that richness increases with increase in bill size, whereas percent tree
cover had relatively high R2 for all orders of q in rural birds, but the direction of the relationship
varied with Hill number. This pattern is consistent with the overall pattern we see in model
averages, that urban gut bacterial communities are best predicted by morphological variables,
whereas environmental variables are more important for rural gut bacteria.
Beta diversity is greater in community membership than structure between urban and rural birds
Our principal coordinates ordinations of community membership showed some grouping
of urban versus rural birds (Fig. 11 a&b; unweighted UniFrac and Jaccard). In other words, the
beta diversity in gut microbial community membership is higher between urban and rural birds
than it is within those groups, as we predicted. This visualization is supported by the
PERMANOVA results that show a significant difference in community membership beta
diversity between urban and rural birds (Table 4). In contrast, there was no obvious clustering
according to urban versus rural sites for distance measures of community structure (Fig. 11
c&d). This means that the beta diversity in gut microbial community structure is not greater
between urban and rural birds as compared to within those groups. This visualization is
supported by PERMANOVA results. We found no significant differences between communities
in different habitat types when phylogenetic relatedness was accounted for (i.e., Bray-Curtis and
weighted UniFrac) (Table 4). Altogether, urban and rural birds differ more in terms of beta
diversity of community membership (i.e. presence/absence of taxa), and less so in terms of beta
diversity of community structure (i.e. accounting for relative abundance).
We ran distance based redundancy analysis (dbRDA) with a full model for all samples together
including all non-covarying variables (as determined by VIF above) for each of our four distance
measures (Jaccard, Bray-Curtis, unweighted and weighted UniFrac distances, Table 5). For all
distance measures, the full model consistently explained about 17% of variation in beta diversity
of gut microbial communities among individuals (Table S5a-d). We found that percent tree cover
explained a significant amount of variation in phylogenetic community membership (unweighted
UniFrac, ANOVA P=0.03). No variable explained variation in beta diversity of community
structure (Jaccard, Bray-Curtis, weighted UniFrac). When urban and rural populations were
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examined separately, only urban weighted UniFrac distances were significantly explained by one
of our variables (bill width, ANOVA P=0.04).
To examine if drivers of bacterial beta diversity differ for urban and rural birds, we
repeated these dbRDA analyses for urban and rural birds separately for both community
membership and structure. A model including all non-covarying environmental and
morphological variables explained approximately 25% of the variation in beta diversity of gut
bacterial communities for urban sites, and about 55% of variation in beta diversity for rural sites,
for all measures of community membership and structure. None of the environmental or
morphological variables explained beta diversity in bacterial community membership or
structure among rural birds (dbRDA ANOVA, all P>0.05; Table 5; Table S5a-d). In contrast, bill
width explained some of the beta diversity in bacterial community structure among urban birds
(dbRDA ANOVA P=0.04; Table 5; Table S5d). However, overall, not much of the variation in
beta diversity among urban birds or among rural birds is explained by the environmental or
morphological variables measured in this study.
Discussion
Our intent was to understand how gut bacterial communities vary along an urban-rural
gradient for a native species persisting in urban environments (Fig. 7), and whether the host's
environment and morphology co-vary with their gut bacterial community. As predicted, we
found significant differences between urban and rural locations in hosts' gut microbial
communities (abundance of different bacterial families (Fig. 8), alpha (Fig. 9) and beta diversity
(Fig. 11), and these differences appeared driven mainly by rare bacteria (Fig. 9). We also found
significant differences among urban and rural birds in their territory's land cover (such as tree
cover) and degree of urbanization (such as noise levels) as well as in their morphological and
physiological characteristics (mainly measures of beak size and body condition) (Table 3). We
also found evidence that some of these environmental factors and morphological characteristics
can explain variation in host gut microbial communities. Consistent with our previous work 12,
alpha diversity was higher in urban areas (Fig 9); however, not for the reasons we expected. We
predicted that environmental factors associated with urbanized landscapes, such as impervious
surface and noise levels, would be most important in explaining higher alpha diversity in urban
areas. Instead, environmental factors such as grass and tree cover were more important (Fig. 10,
11), with urban areas having higher tree cover and higher levels of alpha diversity (Table 3).
Further, we found no association between alpha diversity and body condition, counter to our
predictions. Most unexpected was finding that different types of variables explain variation in
alpha diversity within urban versus within rural areas – specifically environmental factors (such
as grass cover) appear more important within rural areas whereas morphological factors (such as
bill size) are more important within urban areas in explaining host gut microbial community
diversity (Fig. 10, 11). As we predicted, beta diversity (beta diversity) was greater between,
rather than within, urban and rural populations, but only for community membership, not
structure (Table 4, Fig. 11). The key difference among urban and rural habitats that appeared to
explain this beta diversity was an environmental variable, percent tree cover (Table 5) similar to
our findings for alpha diversity. On further examination of predictive variables for beta diversity
within urban and rural areas separately revealed subtle but informative associations between beta
diversity across urban individuals and host body condition and bill width (Table 5), also in line
with our findings that morphological factors are important in explaining alpha diversity in
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urban gut microbiomes. Altogether, our analyses provided insight into how urbanization is
shaping gut bacterial communities of a songbird that persists in both urban and rural habitats.
Urban and rural songbirds differ in morphology, physiology and territory features
Our previous work in this system provided good evidence that we would find significant
differences among urban and rural White-Crowned Sparrows in their morphology, and
physiology; however, we had never before compared together this number of different
morphological, physiological and environmental factors. Urban and rural territories were
significantly different along nearly all of the dimensions of environmental variables we
considered, including noise levels and different types of cover (scrub, tree, and impervious
surfaces; Table 3). Only the relative level of grass cover was similar, on average, between urban
and rural territories. We found many fewer significant differences among morphological features
and condition measures, with only bill length slightly longer and plumage wear greater in more
rural populations. These comparisons demonstrate the many dimensions along which these urban
and rural locations differ from one another, all of which could contribute to differences in host
gut microbial communities.
Urban and rural songbirds differ in bacterial communities
Urban and rural male White-Crowned Sparrows share many of the same bacterial taxa, despite
holding territories in different locations, consistent with findings from other studies comparing
urban and rural songbirds 8. However, we did find 23 families to be differentially abundant
between urban and rural birds (Fig. 8). Because our data on bacterial taxa comes from 16S
sequencing, we cannot make functional interpretations. However, urban birds did have a
significantly higher abundance of Camplylobacteraceae, and some members of this family are
pathogenic 53. This finding is broadly consistent with that of other work in urban songbirds. For
example, urban house sparrow gut microbial communities are enriched with microbes from the
phylum Proteobacteria, which can cause intestinal diseases in mammals 8. Future work is
needed to examine potential functional differences, or differences that might impact host health,
in the gut microbial communities of urban and rural songbirds.
Urban birds also have higher gut bacterial richness (0D) than rural birds (Fig. 11). These findings
are also similar to those of urban Eastern Water Dragons (Intellagama lesueurii), which have
higher bacterial richness than eastern water dragons in native habitats 10. However, the opposite
is the case in other songbirds, including house sparrows (Passer domesticus) 11 and Darwin's
finches (Geospiza fuliginosa & Geospiza fortis) 54. Both of these songbirds have lower bacterial
richness in more urbanized areas. It is particularly interesting that although both house sparrows
and White-Crowned Sparrows persist and to a certain extent thrive in urban environments, they
show different effects of urbanization on bacterial richness. These differences may be due to how
selection pressures for each species vary across urban and rural habitats. Additionally, there is a
wide range of landscape compositions among urban areas around the world with some comprised
of more greenspace than others, therefore it may not be useful to draw comparisons between
urban areas with drastically different environmental features. More work is needed to assess why
some hosts have higher bacterial richness in urban environments while others have lower
richness. Our results on bacterial richness add to the growing number of studies investigating gut
bacterial communities across urbanization gradients, which could contribute to future meta- or
comparative analyses.
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When we examined beta diversity (beta diversity), we found significant differences between
urban and rural males (Fig. 11, Table 4). These differences were driven by community
membership (i.e. presence/absence), not structure (i.e. accounting for relative abundance). Other
studies that have examined beta diversity in urban versus rural locations have found similar
results. For example, in both Darwin's finches and Eastern waterdragons there are more
differences in beta diversity between urban and rural areas in community membership than
structure 10,54, similar to our findings. Finding differences in membership and not structure
suggest that rare bacteria drive these differences. Thus, rare bacteria may be a key component of
the gut bacterial community to examine in urban environments.
Differences between urban and rural bacterial communities driven by rare bacteria
Our results show differences between urban and rural populations in alpha diversity and beta
diversity decreased as rare species were down weighted (i.e., higher orders of q). This means that
rare bacteria drive the differences found in gut microbial communities between urban and rural
White-Crowned Sparrows (Fig 9 & 11). A similar pattern is seen in house sparrows, such that
urban and rural birds are not different in alpha diversity as rare species are down-weighted 8.
Therefore, because measures of alpha and beta diversity that account for relative abundance
show weakened differences between urban and rural populations, our results suggests that
dominant bacteria are present in relatively similar proportions across birds in these populations.
Why might rare species drive observed differences in gut microbial communities? Rare bacteria
may be transient and sourced from the environment. If urban and rural habitats have different
environmental bacteria, then this could explain why rare species are driving these apparent
differences in gut bacterial communities. Urban areas have been shown to host different bacterial
communities on different surface types, and thus differences in urban and rural surfaces may
explain differing rare gut bacteria 55. We do not know what role these rare and potentially
transient bacteria play in host health and development; the differences we see may be neutral, or
could be the result of novel pathogen exposure in urban birds. Future research is needed to
examine functional components of shared bacterial communities between urban and rural birds
to determine what essential functions ubiquitous bacteria might serve, and if perhaps more rare
bacteria that differ are occupying similar or different functional roles.
Drivers of gut diversity reveal potential mechanisms of urban impacts
Our central question was whether any environmental or morphological characteristics of
these wild songbirds might explain differences in their gut microbial communities between urban
and rural habitats. A number of the factors we measured were important in explaining bacterial
alpha diversity, specifically bill size (length and depth), territory noise level, percent tree cover
and percent grass cover (Fig. 10). Bacterial richness (0D) increased with bill size and percent
tree cover and decreased with territory noise levels and percent grass cover (Fig. 11). When we
examined how these factors varied between urban and rural hosts, we found that rural birds tend
to have larger bills, lower noise levels and slightly higher amounts of grass whereas urban birds
have territories with significantly more trees (Table 3). Taken together, the higher levels of alpha
diversity in urban hosts seem most likely to be associated with differences in tree cover between
urban and rural territories. Urban birds have more trees on their territories, and bacterial richness
increases with tree cover in both urban and rural habitats (Fig. 11). Grass cover may also
contribute to this pattern, as bacterial richness decreases with grass cover, and rural birds have
slightly more grass cover, but this relationship is not as strong, even though grass cover is
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important, overall, in explaining variation in bacterial richness. Bill size and noise levels seem
unlikely to explain divergence in bacterial richness between urban and rural hosts, as urban birds
have higher richness but also higher noise levels on their territories as well as smaller bills.
Originally, we predicted that it would be urbanized features of the landscape (such as distance
from roads or noise levels) that would explain differences in bacterial richness between urban
and rural habitats, but our results suggest the opposite. Instead, shifts in more 'natural' features of
the landscape seem to be most important. White-Crowned Sparrows are thriving in the big city,
but their territories are becoming more and more restricted to urban park boundaries over time 34.
This means that the composition and management of urban parks is becoming ever more
important to their persistence and the types of selective pressures these sparrows are
experiencing.
When we examined urban and rural birds separately, however, we found that different
factors are important for each type of habitat – morphology in urban hosts and environment in
rural hosts. Alpha diversity in urban males was best predicted by morphological traits like bill
length and depth (Fig. 11). Although Knutie et al. 2019 did not find an association between body
mass or bill size and the gut microbiome of Darwin’s Finches, they did find that body mass was
impacted by human activity 54. Urban birds may have a more diverse diet available to them as a
result of human development as with human activity comes food litter, and the insects that
follow. Which food sources a bird can exploit can be determined by bill morphology (Price,
1987), and diet is likely a good predictor of gut microbiome. For example, in both lizards
(Liolaemus sp.) and desert woodrats (Neotoma lepida) the gut microbiome has significant
overlap with plants and insects comprising their diets 57,58. Altogether, this may explain the link
between urban microbiomes and urban host morphology. Another possible explanation is that a
more diverse diet affects the microbiome as we see here, which then affects developmental
growth, leading to changes in bill morphology. While our study doesn’t provide data on how
specific bacteria affect bird development, this would be a ripe direction for future research. In
contrast, alpha diversity was best predicted by environmental traits like percent of territory
covered by grass or trees for rural males (Fig. 11). A number of other studies in non-urbanized
habitats – including in fish, birds and salamanders – have also found evidence for environmental
factors explaining alpha diversity in gut microbial communities. Experimental work in fish, such
as carp (Hypophthalamichthys sp.), has demonstrated that the gut microbiome is often sourced
from the environment 59. Nest environment has been shown to be more important for cloacal
bacterial community assemblage than genetic relationships in great tits (Parus major) and in blue
tits (Parus caeruleus), providing evidence that a bird’s environment plays a large role in shaping
their bacterial communities. A habitat signature was also found in fire salamanders (Salamandra
salamandra), such that a change in environment induced a change in gut bacteria (Bletz 2016).
Availability of certain food sources may be accurately reflected in landscape cover measures in
rural areas, where the ground cover types occur naturally. However, in urban areas much of the
landscape is artificially comprised, which may reduce the association between the gut
microbiome and the host's environment. Thus, if landscape cover more closely maps onto diet
for rural birds than urban ones, this could explain why landscape predicts the gut microbiome
only for rural birds. Overall, our sampling of multiple sites within both urban and rural habitats
allowed us to further elucidate the potential associations between landscape, host morphology
and gut microbial alpha diversity. However, our findings also highlight the need to further
investigate the link between urbanization, landscape cover and diet.
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Gut bacterial community beta diversity was significantly correlated with a morphological feature
(bill width) and a physiological one (body condition), although these features only explained a
small portion of the variation in beta diversity between urban and rural hosts (Table 5). The other
few studies of songbirds have not found any association between host morphology and beta
diversity. For example, barn swallow (Hirundo rustica) morphology was not correlated with beta
diversity 60 and in Darwin’s finches (Geospiza fuliginosa and fortis), bacterial beta diversity was
explained by host species but not bill morphology or body mass 54. These results tell us that
bacterial beta diversity between songbirds in general may not be sensitive to differences in host
morphology, although our results offer an intriguing suggestion that such associations may be
detectable with enough sampling. Within urban birds alone, measures of condition (body
condition and plumage fade) also explained significant albeit small amounts of variation in beta
diversity across urban individuals. One reason plumage fade might be important is that urban
birds have higher tree coverage (e.g. lower levels of sunlight) on their territories which might
explain why urban birds have lower plumage fade. A number of experimental studies suggest
condition and gut microbial communities should be associated, and our study of a free-living
bird finds some evidence of this predicted association.
Conclusions
Together, our results present a detailed picture of the potential drivers of avian gut biodiversity in
urbanized landscapes. Our approach of sampling multiple transects in urban and rural locations
across an environmental gradient allowed us to tease apart the relative contribution of
environmental factors and morphological traits in explain alpha and beta diversity of the gut
microbiome. Although a growing number of studies are beginning to examine urban wildlife gut
microbiomes, few have examined as many potential contributing variables limiting our
understanding of what is driving gut microbial variation across urbanized landscapes. Perhaps
most notable is our work found that different factors are important in urban versus rural
landscapes, suggesting that the selective forces shaping avian gut microbiomes are different in
cities than in the rural landscapes in which these species evolved. More studies similar to this are
needed to understand the degree to which these patterns are consistent or not across species as
well as experimental work to begin to test causal relationships.
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Abstract
Noise pollution is an unprecedented evolutionary pressure on wild animals that can lead to
alteration of stress hormone levels and changes in foraging behavior. Both corticosterone and
feeding behavior can have direct effects on gut bacteria, as well as indirect effects through
changes in gut physiology. Therefore, we hypothesized that exposure to noise will alter gut
microbial communities via indirect effects on stress hormones and foraging behaviors. We
exposed captive white-crowned sparrows to city-like noise and measured each individuals'
corticosterone level, food intake and gut microbial diversity at the end of four treatments
(acclimation, noise, recovery, and control) using a balanced repeated measures design. We found
evidence to support our prediction for a causal, positive relationship between noise exposure and
gut microbiota. We also found evidence that noise acts to increase corticosterone and decrease
food intake. However, noise appeared to act directly on the gut microbiome or, more likely,
through an unmeasured variable, rather than through indirect effects via corticosterone and food
intake. Our results help to explain previous findings that urban, free-living white-crowned
sparrows have higher bacterial richness than rural sparrows. Our findings also add to a growing
body of research indicating noise exposure affects stress hormone levels and foraging behaviors.
Altogether, our study indicates that noise affects plasma corticosterone, feeding behavior, and
the gut microbiome in a songbird and raises new questions as to the mechanism linking noise
exposure to gut microbial diversity.

Introduction
Urbanization acts as an unprecedented evolutionary pressure on wild animals 1. Human-induced
changes in the environment, such as noise and light pollution, can interfere with animal
behaviors, such as foraging and communication 2,3. There can also be physiological
consequences such as increased stress hormones 4, and differences in bacterial diversity between
animals in urban and rural areas 5–7. The mechanisms underlying these relationships are in many
cases unknown, and we have yet to test some of the more complex interactions. For example, we
know that cities often have higher levels of noise pollution, and noise levels can directly impact
stress hormones 8 and feeding behavior 9 in animals. We also know that both stress and diet can
impact gut physiology 10,11. What is not known is the extent to which noise pollution alone
affects gut bacterial communities, and how these effects might be mediated by feeding behavior
and stress responses to noise. Addressing such gaps in knowledge will aid in furthering
understanding of how urbanization affects wild animal populations.
Experimental manipulations of noise levels can lead to alteration of stress hormone levels and
changes in foraging behavior. Short, high intensity noise elevated plasma corticosterone (CORT)
levels in broiler chickens (Gallus gallus) 4. Likewise, in wild sage grouse (Centrocercus
urophasianus) long exposure (chronic) to high noise levels elevated fecal CORT levels 8,
although this effect is not seen with exposure to low chronic noise levels (in spotted owls (Strix
occidentalis), see Tempel & Gutierrez 2003). Noise stress can also alter foraging behaviors. For
example in three-spined sticklebacks (Gasterosteus aculeatus) noise shifted fishes’ attention,
resulting in decreased food-handling ability 2. Noise can also reduce foraging efficiency 13 and
increase predator vigilance behaviors in multiple species, including white-crowned sparrows
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(Zonotrichia leucophrys) and chaffinches (Fringilla coelebs) 9,14,15. These negative effects of
noise on foraging behaviors do not seem to be via effects of noise stress on appetite, as in lizards
(Lacerta vivipara) stress hormones (corticosterone) increase appetite (Cote et al. 2006, but see
Saldanha et al. 2000). Together, these experimental studies suggest that exposure to noise can
have both behavioral and physiological consequences in many animals, including birds.
Both corticosterone and feeding behavior can have direct effects on gut bacteria, as well
as indirect effects through changes in gut physiology. Corticosterone and other stress hormones
can induce changes in intestinal motility and intestinal permeability, as well as cause intestinal
inflammation 18–20. These alterations in gut physiology can have lasting effects on gut bacterial
communities. For example, maternal separation stress can increase corticosterone, causing gut
inflammation and changing gut bacterial communities 18. Changes in feeding behavior, such as
reduction in food intake, could also alter gut bacterial communities. For example, hibernation in
ground squirrels (Ictidomys tridecemlineatus) and fasting in penguins (Eudyptula
minor, Aptenodytes patagonicus) cause shifts in which bacterial taxa dominate gut microbial
communities 21,22. Even small changes in food intake, like intermittent fasting schedules, can
restructure the gut microbiome through effects on which bacteria are able to survive with fewer
types or less regular food substrates 23. Irrespective of the external stimulus, a number of studies
have demonstrated that changes in either corticosterone or feeding behavior can affect gut
bacterial communities. Thus, overall, it is likely that noise pollution could have multiple direct
and indirect effects on host gut microbiome; however, no study to our knowledge has
experimentally manipulated noise levels and measured effects on feeding behavior,
corticosterone and the composition and structure of gut microbial communities.
Here, we exposed white-crowned sparrows to city-like noise and measured each individuals'
corticosterone level, food intake and gut microbial diversity. Birds were acclimated for five days
and then exposed to five days of noise or five days of no noise (control) in a balanced order
design. The noise period was immediately followed by a five-day recovery period of no-noise.
In other words, one set of birds had five days noise, five days recovery and five days control and
a second set of birds had five days control, five days noise and five days recovery. We collected
food intake data for each bird in the morning and in the afternoon on each day of the experiment.
We collected plasma corticosterone levels and a cloacal swab to assay gut microbial diversity on
the fifth (last) day of each of the four treatment periods (acclimation, noise, recovery and
control) for each bird. We considered both average food intake and total food intake during each
treatment. We predicted that gut microbial diversity and function (predicted using PICRUSt)
would increase in noise based on our correlational data from free-living sparrows where birds in
noisier, urban areas had higher alpha diversity (q0)24,25. We hypothesized that this effect of noise
on the microbiome would be indirect and would occur through direct effects of corticosterone
and food intake on gut microbial diversity. We predicted that corticosterone would increase in
response to noise. If noise directly impacts feeding behavior, then food intake should decrease
when noise is present. If noise instead affects feeding behavior through stress hormones, then
food intake should increase during noise and highly correlate with corticosterone levels.
Altogether, testing these predictions should provide insight into whether and how noise pollution
affects the gut microbiome.
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Materials & Methods
Study animal
Nuttall’s white-crowned sparrows (Zonotrichia leucophrys nuttalli) are a useful system to test
potential mechanisms driving variation in gut microbial communities. They can be found
breeding in both urban and rural habitats along the west coast of North America, on territories
that vary in noise levels 26. They are also amenable to hand-rearing and experimental work in
captive settings 27–29.
Our experimental subjects were collected as nestlings (day 2—4 of age from 12 nests, males =
14, females = 12, total subjects = 26) from territories in San Francisco, CA and then hand-reared
in captivity. Importantly, all birds received the same diet, and the diet changed as appropriate
between hand-rearing and after fledging. Briefly, we fed birds by hand at half hour intervals
from dawn to dusk until 10–12 days post hatch, then at 1–hour intervals until 18 days post hatch,
and thereafter at 3-hour intervals until the birds were feeding independently at about 4–5 weeks
of age. Young birds were hand-reared using the Marler diet 30 delivered from 1–cc syringes.
Older birds were fed dry seed and water ad libitum, along with greens, soaked seed, hard-boiled
eggs and a vitamin supplement. At the time of this experiment, all birds were three years old.
Once the noise exposure experiment started, all birds received only dry seed and water ad
libitum. Birds were fed seed from automatic feeders with graduated marks to make food intake
measurements unobtrusive. Grit and cuttlebone calcium supplement were also provided ad
libitum. Diet was not otherwise supplemented during the experiment. Each bird received cage
maintenance to ensure the above standards daily.
Birds were individually housed in sound attenuation chambers (Industrial Acoustics Model Mac1). Chamber dimensions were 68.6cm wide x 53.3cm deep x 63.5cm high (outside) and 58.4cm x
40.6cm x 35.6cm (inside). Each chamber contained a light, a fan for ventilation, and a
loudspeaker (Altec Lansing iM227 Orbit MP3). Birds were kept on a natural photoperiod for San
Francisco, controlled by time clocks (Hydrofarm TM01715D). During the time of the
experiment, lights came on at 6AM and went off at 9PM for a 15:9 light to dark schedule. The
ambient temperature was maintained at 23°C. Within the chamber, males were housed in cages
that measured 48.5 x 31 x 26 cm.
Experimental design
We used a repeated measures design. All birds received four treatments. The acclimation
treatment was for five days of no noise and occurred at the start of the experiment for all birds.
All birds also received a noise treatment of five days immediately followed by a recovery
treatment of no noise for five days. All birds also received a control treatment of five days of no
noise, with half of the birds receiving the control treatment before the noise+recovery treatments
and half after the noise+recovery treatments. In other words, one set of birds had five days
noise, five days recovery and five days control and a second set of birds had five days control,
five days noise and five days recovery (Figure 12).
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Noise exposure
We exposed birds to city-like noise, resulting in noise levels of 74—74.8 dBA within chambers.
During ‘no-noise’ treatments, noise levels were 48.5—60 dBA (chambers varied in baseline
ambient noise levels). A change of 6dBA is a doubling of sound pressure levels. Noise exposure
started with lights on and lasted for six hours.
The ‘city-like’ noise playback was informed by noise recordings made on white-crowned
sparrow breeding territories in San Francisco, CA. Briefly, we recorded two minutes of
background noise using a Sennheiser ME62 omnidirectional microphone mounted facing
upwards on a 1m tripod. We simultaneously measured the maximum sound pressure level every
10s using a tripod mounted 407736 Extech Sound Level Meter (response time = 125ms,
accuracy = ±1.5dB, weighting = A). We calibrated the noise spectrum with the paired sound
pressure levels using the Sound Level Meter function in SIGNAL, dropping outliers. We
dropped outliers because the goal was to find the calibration constant for each background noise
recording. Short temporal events (e.g., a dog bark or a person shout) can bias calibration. We
determined outliers using a standard method based on quartiles. This was Q2 ± 1.5 * (Q3-Q1).
To limit any bias in the calibration, we dropped identified outliers from both the recording and
the SPL estimates for the calibration. We then averaged these 16 noise spectra and generated a
noise file in Reaper 4.76 31 to mimic this noise spectrum by applying an FFT filter to white noise,
which decreased the spectral energy by 6 dB per octave up to 2.5 kHz and 9 dB per octave above
2.5kHz. This was the noise file that was used during the noise treatments.
Plasma corticosterone sampling
Blood was collected on the 5th (last) day of each treatment period between 10am and 12pm
(noon), in capillary tubes after pricking the brachial artery with a 26G ½ Precision Glide needle.
All blood samples were collected within 3 minutes of opening the chamber door to avoid the
effects of handling on plasma corticosterone levels. Samples were then spun in a microcentrifuge
to separate plasma from other blood components. Plasma corticosterone levels were determined
using commercial corticosterone enzyme immunoassay kits (Enzo Life Sciences, cat no. ADI900-097). This assay was optimized previously for zebra finch plasma 32. Following the same
procedure, samples were diluted 1:40 and 1% plasma volume of steroid displacement buffer was
added. Samples from each individual were run on the same plate while samples within each plate
were randomized within the plate. Out of 104 samples, 21 samples fell under the detection limit,
thus the detection limit for the particular plate was assigned for those samples. Inter- and intraplate coefficient of variations were 4.9% and 1.3%, respectively.
Food intake
To collect food data with minimal interruption of normal behavior, we pre-labeled the automatic
food dispensers so that food consumption could be recorded without disturbing the birds, and
without food mess from an open dish being recorded as consuption. We did this by weighing
each food cylinder on a balance and making a mark on the cylinder with the addition of 5 grams
of seed. Thus, each cylinder had a series of graduated marks per 5 grams of food. Each day, we
recorded the level of food in the dispenser and calculated food intake, and observed the
cleanliness of the cage bottom to ensure food was not removed from the dispenser but not
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consumed. These data were collected at noon (when sound ended) and just before lights off
(~8:30pm) each day.
Gut bacterial sampling
Cloacal swabs were collected on the 5th (last) day of each treatment period directly after blood
was collected. The outside of the cloaca was cleaned with an alcohol swab, and sterile water was
used to ease the swab into the cloaca. Once fully inserted, the swab was turned gently for 3-5
seconds. Swabs were stored in RNA later (Invitrogen; Carlsbad, CA USA) and frozen at -20 °C.
Our work in another passerine has shown that cloacal swabs capture information about gut
bacterial communities in the large intestine 33.
DNA was extracted from cloacal swabs using the Qiagen PowerSoil DNA isolation kit (Qiagen;
Hilden, Germany) following the provided protocol, with some modifications to the standard
protocol as suggested by Vo and Jedlicka (2014). To further increase DNA yield, the two steps
(solutions C2 and C3) which precipitate non-DNA substances were combined per the
recommendation of a Qiagen technician (pers. commun.).
We amplified the v4 region of the 16s rRNA bacterial gene using 515F/806R universal
primers (~292 bp amplicon) in a 25 µL final volume (Integrated DNA Technologies; Coralville
IA, USA) 35. Each PCR reaction contained: 12 µL sterile, molecular grade water, 1 µL bovine
serum albumin, 10 µL 5’ Hot Mastermix (Thermo Fisher; Waltham MA, USA), 0.5 µL of each
primer (at 100 µM conc.) and 2 µL of DNA template. Each reaction was carried out three times
to reduce PCR bias. Water was used as a negative control for each set of reactions. Denaturation
of DNA was performed initially at 94 °C for 2 minutes, then the following program was cycled
35 times: 94 °C for 8 s, annealing at 50 °C for 20 s, extension at 72 °C for 30 s. A final
elongation was performed at 72 °C for 10 minutes. PCR success was verified with gel
electrophoresis.
Samples with fewer than two successful amplifications were re-amplified, and two or
three successful PCR products were pooled for each sample in preparation of Illumina tag
addition. Samples with fewer than two successful amplifications were not included in sequencing
and were not considered in our results. After sequence ng we had 68 samples from 19 birds; 15
acclimation, 18 control, 18 noise, 17 recovery. Dual-end barcodes in the style of TruSeq HT
primers were used to provide a unique combination for each sample (Integrated DNA
Technologies). Successful tag addition was confirmed using gel electrophoresis wherein tagged
samples were compared to untagged samples to ensure the amplicon was longer. Samples then
had their concentrations normalized using a SequalPrep normalization kit (Thermo Fisher). The
resulting PCR product was pooled and purified using Agencort AmPure magnetic beads
(Beckman Coulter; Brea CA, USA), then sequenced at the University of Tennessee Genomics
Core on an Illumina MiSeq platform with v2 reagent kit and paired-end 250-bp protocol.
16S sequences were processed using the QIIME2 pipeline version 2019.10 36. To remove
sequence errors and trim primers from sequences we used the Divisive Amplicon Denoising
Algorithm (DADA) 37. Then we aligned sequences, and generated a phylogeny using FastTree,
rooting at the midpoint 38. We used amplicon sequence variants to group sequences (100%
similarity). We used the Silva database to assign taxonomy 39. Lastly, we removed all sequences
matching mitochondria, chloroplast, or archaea. We obtained a total of 1,429,415 sequences
(mean=21,020, SD=13.944, see Table S1 for sequence and OTU counts for each sample).
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Bacterial community metrics
Gut bacterial alpha diversity was measured using hill numbers, which were calculated from an
ASV table after rarefying samples to a depth of 1000 sequences. Hill numbers provide multiple
measures of alpha diversity using the same units (effective number of species). Hill number
transformations are calculated as orders of q, written as qD, with q of 0 (0D) representing
bacterial richness, q of 1 (1D) representing exponential of Shannon entropy, including both
richness and evenness, and q of 2 (2D) representing the inverse of Simpson’s index wherein
species are weighted according to their abundance 40. Essentially, the effective number of species
is less sensitive to rare bacteria as q increases. We calculated hill numbers using the ‘d’ function
in the R package ‘vegetarian’ 41. We also measured alpha diversity using Faith’s phylogenetic
diversity, calculated in Qiime2 36.
Gut bacterial beta diversity was calculated in Qiime2 using Jaccard, unweighted UniFrac,
Bray-Curtis, and Weighted Unifrac. The former two include information about presence/absence
of bacterial taxa and the latter two account for relative abundances of bacterial taxa. UniFrac
distances account for phylogenetic relatedness.
To predict the functional role played by bacterial taxa present in the gut, we used
Phylogenetic Investigation of Communities by Reconstruction of Observed States (PICRUSt)42.
This analysis predicts abundances of gene families from 16s using the Kyoto Encyclopedia of
Genes and Genomes (KEGG). Only OTUs that are present in the GreenGenes database (version
13.5) were included, as required by PICRUSt. To assess how well represented our samples were
by the reference genome, we used weighted Nearest Sequence Taxon Index (NSTI). To
determine which predicted metabolic gene abundances differed between treatment groups, we
used Linear Discriminant Analysis Effect Size (LEfSe).
Data analysis
To determine whether treatment had an effect on gut bacterial diversity (0-2D and Faith’s pd),
food intake, and plasma corticosterone levels, we ran mixed linear models using the packages
“lme4” and “nlme” in R 43,44. We performed ANOVAs on our models to determine model
significance. To determine specific significant relationships and their directions, we used a
Tukey post-hoc test from the package “TukeyC” in R 45.
Then, to determine the relative impact of noise, stress hormones, and food intake on gut bacterial
communities, we conducted a path analysis with the specific predictions that exposure to noise
would increase alpha diversity, either directly, or indirectly through corticosterone and/or food
intake. Path analysis is a form of structural equation modelling that is useful for comparing
complex models and evaluating hypothesis that include causality 46. For each order of q (qD) we
ran the full model with no interaction terms and included models for indirect relationships (qD ~
noise + cort + food intake, cort ~ noise, food intake ~ noise). In all models we included the order
of treatments and bird ID nested within sex as random effects.
Last, in order to determine whether beta diversity was different between treatment groups, we
used the adonis function in vegan to perform a PERMANOVA on the four measures of beta
diversity mentioned above 47.
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Results
Some bacterial taxa were shared by a majority of birds
We found that the most common phyla among white-crowned sparrow individuals were
Proteobacteria, Actinobacteria, Firmicutes, and Bacteroidota. These four phyla were the only
ones present in more than 50% of samples (Table 6; Table S2). The most prevalent (found in the
highest number of samples) genera of bacteria were Staphylococcus (76% of samples), Rothia
(71%), Pantoea (62%), Acinetobacter (60%), and Corynebacterium (54%). These genera also
had some of the highest average abundances, although the highest average abundance was less
than 10% (Table S3; Figure 13).
Gut bacterial communities varied across noise exposure treatments
We found that noise exposure treatment (i.e. acclimation, noise, recovery, and control) explained
variation in 1D and Faith’s phylogenetic diversity (ANOVA, 1D F=3.2, P=0.03; faith pd F=4.4,
P=0.007; Table 7, Table S4), and was close to significant for 2D (ANOVA, 2D F= 2.7, P=0.06;
Table 7, Table S4). A post-hoc comparison of alpha diversity across treatments revealed that the
recovery period had the highest alpha diversity and was significantly higher than control for most
measures of alpha diversity (Tukey post-hoc; Table 7; Table S4). To remind, our prediction was
that alpha diversity would be highest during the noise treatment, and although alpha diversity
was higher in noise than in control, it was highest during the recovery treatment (Figure 14),
which is the period always immediately following noise exposure. We did not find a difference
in beta diversity between treatments (PERMANOVA, Table S5).
Predicted gut bacterial function also differed between treatment groups (LDA > 3; Figure
15). Consistent with alpha diversity findings, the largest difference was seen between the control
and recovery periods (11 genes different), suggesting a delayed effect of noise on the gut
microbiome. However, an NSTI analysis showed that many of our samples had poor
representation in the reference genome (average NSTI = 0.17 ± 0.14; Table S6).
Noise exposure had direct effects on the microbiome
We predicted there would be indirect effects of noise exposure on alpha diversity via
corticosterone and food intake. Because feeding behavior varied between the morning (when
birds were exposed to noise) and the afternoon (when they were not), we examined this
prediction considering total food intake and then morning and afternoon food intake separately.
In most of our models, we did not find support for our prediction that noise exposure would have
an indirect effect on alpha diversity via corticosterone and/or feeding behavior. Instead, we
found evidence for direct effects of noise exposure on alpha diversity, particularly when
considering total food intake or afternoon food intake (Table S7, Figure 16). In the case of
afternoon food intake, noise exposure treatment had direct effects on most measures of alpha
diversity, except for 0D (path analysis; Table S7; Figure 16). In the case of overall food intake,
noise exposure treatment did have a direct effect, but only on Faith’s phylogenetic diversity
(Table S7, Figure 16).
When we examined the predicted effects of corticosterone and feeding behavior on alpha
diversity, we did not find direct effects of corticosterone or food intake (afternoon or overall)
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on alpha diversity. The only model in which food intake was important was when noise exposure
had an indirect effect on 0D (richness) via morning food intake; however, this was not the case
for any other measure of alpha diversity (Table S7, Figure 16).
Noise exposure had effects on corticosterone and food intake
As predicted, we found that noise exposure had direct effects on corticosterone (path analysis;
Table S7, Figure 16). corticosterone levels varied across treatments, such that corticosterone
levels tended to be lowest during acclimation (the first treatment period for all birds) as
compared to all other treatments (ANOVA, Tukey post-hoc, A vs R P=0.04, A vs C P=0.03;
Table S8; Figure 17). Although corticosterone levels were not at their highest during noise
exposure (as we predicted) they did increase with noise exposure and stayed elevated (Figure 16.
17).
We also found evidence for direct effects of noise exposure on feeding behavior (path analysis;
P<0.001; Table S7; Figure 16). We had predicted that if noise exposure directly affected feeding
behavior, then food intake should go down during noise treatments. Consistent with this
prediction, we found that food intake varied with treatment and tended to be highest during
acclimation (at the start of the experiment) and lowest during the noise treatment (ANOVA,
Tukey post-hoc, all acclimation comparisons P<0.001; Table S9; Figure 18). However,
inconsistent with this prediction was our finding that during the noise treatment, food intake was
actually higher in the morning (when the birds were exposed to noise) than in the afternoon
(when they were not). However, food intake in the mornings during noise treatment was still less
than morning food intake during acclimation (Table S7, Fig 17, 18).
Discussion
In our study we experimentally manipulated noise levels to examine potential causal
relationships between noise exposure and gut microbiota, as well as potential mechanisms that
might mediate this relationship, including stress hormones and food intake. We found evidence
to support our prediction for a causal, positive relationship between noise and gut microbiota.
We also found evidence that noise acts to increase corticosterone and decrease food intake.
However, we did not find support for our prediction of an indirect effect of noise on gut
microbial diversity via corticosterone and/or food intake; instead, noise appeared to act directly
on the gut microbiome or, more likely, through an unmeasured variable. The timing of these
effects was different as well, with the greatest effects of noise on gut microbial diversity,
function and food intake being seen not during noise exposure but afterwards, in recovery
periods.
These results help to explain our previous findings that urban white-crowned sparrows have
higher bacterial richness than rural sparrows. In our previous work, we found that noise levels
were higher in urban areas, suggesting that birds in areas of higher noise levels have higher alpha
diversity 6. However, in follow up work, we did not find a strong correlation between territory
noise levels and alpha diversity; instead, habitat and morphological traits were more important in
explaining variation in gut microbial diversity 24. The influence of these other aspects of a bird’s
environment could obscure the role of individual variables such as noise levels. Experimentally
testing the effect of individual aspects of urbanization on the gut microbiome should lead to a
better understanding of what shapes gut microbial communities, particularly as the
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relationship between urbanization and gut microbial diversity appears to vary across systems
5,7,33
. Here, our experiment isolated noise from other variables associated with the urban-rural
gradient, such as diet (Teyssier et al 2020), and showed that noise alone does explain variation in
gut microbiota, specifically with exposure to noise increasing alpha diversity and shifting
bacterial function (however, high NSTI values indicate that accuracy of functional results are
limited, and thus our interpretation is restricted). This experimental finding is consistent with our
original work with wild birds (Phillips et al. 2018), that suggested a positive relationship
between noise levels and alpha diversity. Our work highlights the importance of considering
noise levels when investigating variation in gut microbial communities across urbanization
gradients.
Noise exposure increased plasma corticosterone levels; and this effect had residual consequences
in that corticosterone levels remained elevated even after noise playback stopped. A study on
wild white-crowned sparrows found that male birds had higher baseline corticosterone levels in
urban areas as compared to nearby rural areas 48. In fact, the Bonier et al. (2007) study was
conducted in the same locations and on same species as our own work 24, and captive birds used
for this study were also collected from locations in the same urban populations. Although the
Bonier et al. (2007) study did not explore possible mechanisms underlying the relationship
between urbanization and corticosterone levels, our results suggest that as there is higher
background noise in urban areas 26. Thus noise may be one of the factors contributing to higher
baseline corticosterone in some urban birds. Our study also adds to general knowledge of the
relationship between noise and corticosterone, with some studies showing that noise increases
corticosterone levels 4,8, and others showing there is no relationship 12 depending on the duration
and intensity of the noise exposure. These studies examined a range of noise amplitudes and
durations, from 10 minutes to 24hrs/day for weeks at a time. Noise levels have generally been
chosen according to biological relevance in each system, for example 24/7 drilling sounds on a
sage-grouse lek 8. We chose relatively long exposure times in the morning and a noise profile to
mimic traffic patterns. However, had our treatment periods been longer than five days it may
have better reflected life on an urban territory, and we may have observed corticosterone levels
peak during noise treatment with a return to lower baseline corticosterone during recovery. The
question of how noise affects stress hormones would benefit from an in-depth examination of
what duration and intensity of noise triggers a glucocorticoid response, as this would guide
experimental design in studies examining down-stream effects of noise stress. What is clear is
that noise can trigger a hormonal stress response, and thus is likely to be involved in the
physiological consequences of urbanization.
Our finding that food intake was reduced during periods of noise playback supported our
prediction that noise would affect feeding behavior. This finding is consistent with studies in
other systems that find various measures of foraging behavior are impacted by noise exposure
2,13,15,49
. Specifically, white-crowned sparrows have been experimentally shown to decrease
foraging duration during short (8 minutes) noise playbacks at amplitudes lower than our
experiment (61 and 55 dbA)9. Our alternative prediction was that noise might affect food intake
indirectly through direct effects of corticosterone on feeding behavior. In that case, we would
have expected a positive relationship between corticosterone levels and food intake. Our work
suggests that noise exposure affects food intake most likely through effects on feeding behavior
(consistent with previous work on this species) but we cannot rule out an effect of corticosterone
on appetite also influencing food intake.
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Counter to our predictions, we did not find support for the hypothesis that noise indirectly
impacts the gut microbiome through corticosterone or food intake, and there are a couple of
possible explanations for this result. Because of the apparent delayed response of corticosterone
and food intake to noise exposure as seen in this study, longer treatment periods may be needed
to capture the indirect effects of noise on the gut microbiome via stress hormones or feeding
behavior. The delayed response we observed may be due to a delay in the physiological response
of the digestive tract to elevated stress hormone levels or decrease in food intake, in which case a
longer noise exposure period might have resulted in a clearer relationship between noise, stress
hormones or food intake, and the gut microbiome. Alternatively, there may be a variable
responsible for the observed relationship between noise exposure and gut microbial diversity
which has not been measured in this experiment. For example, perhaps a hormone other than
corticosterone such as catecholamines which impacts gut physiology is affected by noise 50,51. It
is hard to imagine a direct effect of noise exposure internally on gut microbial community
composition. Although diet is a relevant factor in the differences between urban and rural birds
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, we do not think diet drove differences observed before and after noise treatments, as birds
were provided the same diet. It is possible that noise may change habitat usage or food choices in
wild populations, thus affecting what surfaces a bird interacts with and therefore what bacteria
are available to colonize the gut. In our study birds were confined to a small cage with
homogenous surface types, therefore it is unlikely that this potential relationship between habitat
use and noise level would explain the effect of noise on gut microbial diversity. However, it
could be that noise exposure altered their use of materials in the environment, such as their
cuttlebone or shredding of newspaper, that in turn changed microbial exposure. These are
empirical questions which bear consideration in the design of future studies examining how
noise may affect animal gut microbial communities.
Our study indicates that noise affects plasma corticosterone, feeding behavior, and the gut
microbiome in a songbird. Our finding that noise increases corticosterone helps to clarify a
complicated body of research with conflicting findings about the effect of various types of noise
exposure on stress hormones. Although noise has previously been shown to impact many aspects
of foraging behavior such as time spent foraging and foraging efficiency, this study adds volume
of food consumed to the myriad ways in which noise can impact feeding behavior. Finally, we
found support for an impact of noise on alpha diversity of gut bacterial communities and found
that after 5 days of noise exposure we were not able to determine whether corticosterone and
food intake were the mechanisms underlying this relationship. In the future, research at the
intersection of urban ecology and microbiology would benefit from more experimental research
to complement findings in the field. This would help us better understand the contribution of
specific variables on the gut microbiome, as well as what mechanisms are responsible for those
relationships. Integration of functional research such as a multi-omics approach would pair well
with these experiments, and provide a next step in understanding the consequences of
environmental disturbance for wild animals.
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My dissertation research demonstrated that urbanization changes the community structure and
membership of avian gut microbiomes as well as provided correlational and experimental
evidence for the biotic and abiotic traits driving these changes. Urban birds differed from rural
ones in terms of community composition measured both by alpha and beta diversity 1. I also
found evidence that noise pollution – the aspect of urbanization that originally motivated my
dissertation work – explains some variation in alpha diversity among urban and rural birds 2.
Building upon this finding, I experimentally showed that the gut microbiome changes with
exposure to noise, as does food intake and plasma corticosterone (Berlow et al. in prep).
However, contrary to my hypothesis, food intake and corticosterone were not the mediating
factors between noise and the gut microbiome. All of this work was accomplished using
noninvasive cloacal swabs to measure the gut microbiome, which my dissertation research found
are reflective of the large intestine and capture individual variation in the microbiome 3. The
work that comprised my dissertation will impact methods decisions in future microbiome studies
in both free-living and captive birds. It will also contribute to the way we look at the
relationships between host environment, host, and the gut microbiome, as well as influence how
we think about urban ecology as a whole. Altogether, my dissertation research accomplished my
goal to work in an emerging field at the interface of urban and microbial ecology.
To assess the impact of my findings within the broader field of gut microbial ecology, I consider
whether and how my dissertation research has changed how we study or think about gut
microbial ecology. Many studies using non-lethal or indirect sampling methods to investigate the
gut microbiome are rightfully hesitant to draw conclusions about gut bacterial communities from
their samples. However, this limits our ability to interpret results and draw conclusions that are
biologically relevant to the animals we study. My first chapter provided evidence that cloacal
swabs and fecal samples in passerines most closely resemble the large intestine 3. This will allow
us to more confidently interpret results from non-lethal samples as being reflective of processes
taking place in the large intestine specifically. In addition to sampling methodology, my research
has also increased our understanding of avian gut microbiomes. Most of what we know about gut
microbiomes comes from studies conducted on mammals, primarily humans and captive rodents
4
. This deficit limits our ability to understand what role the gut microbiome plays in the lives of
wild birds, as the development and physiology of birds differs in many ways from mammals, and
captivity itself has the potential to significantly change gut bacterial communities 5,6. Studying
wild bird species whose gut microbiomes have not yet been investigated also adds valuable
breadth to our understanding of what makes avian gut microbiota unique and reveals important
areas for future investigation 7.
To assess the impact of my findings within the broader field of urban ecology, I consider
whether and how my dissertation research has changed how we study or think about urban
ecology. My research tells us that the gut microbiome should not be omitted from discussions
about the physiological consequences of urbanization. This should be of interest to urban
ecologists at multiple scales, from the microbial community up to the broader ecosystem
containing the host. The gut microbiome is itself a community shaped by urbanization. Further,
as I have discussed throughout my dissertation, the gut microbiome has consequences for many
areas of an animal’s life. Thus, changes in gut microbiota could impact how vertebrates
64

interact with their larger communities through social interactions, foraging choices, disease
resistance and more 8–11. Though there was already evidence that urbanization affected the gut
microbiomes of other taxa such as mammals 12,13, there are unique implications for the finding
that this impact extends to birds. For example, unlike many mammals found in urban areas, birds
that are long-distance migrants may face disproportionate consequences for an “urbanized” gut
microbiome, or conversely may not be able to exploit urban environments without an urbanadapted gut microbiome. Finally, over the course of my dissertation, I have come to see the gut
microbiome not only as another area where animals face negative consequences of urbanization,
but also as a potential trait that could buffer an animal from the consequences of urbanization.
When I started my dissertation research in 2015, there were very few studies at the interface of
urban and microbial ecology. There is now a substantial body of evidence showing that
urbanization is associated with differences in gut bacterial communities, and several of the key
papers in this emerging field are chapters from my dissertation 1,12,14–16. There is also building
evidence of the mechanisms underlying variation in gut microbial communities along urban
gradients. One obvious contributing factor is diet, as many species exploit different food sources
in such drastically different habitat types 6. However, this does not explain all of the variation we
see in the gut microbiome across landscapes. My dissertation research suggests that less obvious,
but ubiquitous, features of the urban environment such as noise pollution are also important in
shaping gut microbial communities (Phillips et al. 2018b, Berlow et al. 2020, Berlow et al. in
prep). My work highlights the need for more experimental studies at the interface of urban and
microbial ecology.
My dissertation research also highlights a need for a strategic approach in this emerging field
rather than a series of studies characterizing gut microbial communities across urban dwellers.
Although we have some broad understanding of how urbanization could directly and indirectly
impact the gut microbiome, even within one species different specific variables predict gut
bacterial diversity 1. Thus, it is certainly possible that a variable that explains the relationship
between urbanization and a physiological consequence in one animal may not be the mechanism
underlying all such relationships across taxa. My work suggests a need to refine the purpose of
the questions we ask, because the mechanisms underlying differences in animal biology due to
urbanization will likely differ drastically depending on the system. There is of course a need to
characterize the gut microbiome across multiple systems, but perhaps a more powerful approach
is to ask, “how might the gut microbiome play a role in which species (hosts) persist and which
are excluded from urban environments?” In this case, one could compare the gut microbiomes of
pairs of closely-related species that vary in how well they do in urban environments. Going
forward, I am interested in continuing to work at the interface of urban ecology and gut
microbial ecology, because I think that gut microbiomes may play a very important role in
facilitating host responses to urban environments.
Another aspect to consider is incorporating the gut microbiome into how we think vertebrates
plastically respond to rapidly shifting environments (figure 19). Plasticity is a key trait in the
ability of organisms to respond to human-induced rapid environmental change 17, but most work
has focused on behavioral plasticity. The gut microbiome could also facilitate such plastic
responses. While behavioral plasticity is an innate trait that an animal brings to a new
environmental challenge, the gut microbiome is to some degree an acquired trait that can be
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shaped by the same environmental challenge in question. The gut microbiome has the potential
to provide a buffer or means of adaptation to large-scale environmental change through dietary
assistance, immune system support, and pathogen resistance, all of which have been shown to be
impacted by urbanization 18–20. Many species acquire their gut microbiome through vertical or
horizontal transmission from conspecifics; therefore changes incurred over an animal’s lifetime
as a result of environmental change can be passed down to offspring 21. If the bacteria (or
bacterial genes) needed to provide these advantages are present, the environmental circumstances
may lead them to increase in abundance, creating an urban-adapted microbiome. Alternatively,
individuals lacking these bacteria, or individuals with other components of their bacterial
communities that prevent the proliferation of more helpful members, may not be as successful in
urban environments. Finally, as with behavioral plasticity 17, there may be a limited range of
possible adaptations that the gut microbiome can facilitate, with some challenges being too great
for the microbiome to accommodate or buffer. This range of potential benefits provided by the
gut microbiome may be part of what determines whether a species is able to persist in urban
environments.
Future steps
One crucial next step in avian gut microbial research is experimental follow-up for correlations
found in the wild. It would be especially informative to conduct microbial transplant
experiments, for example inoculating captive birds with microbiota from either urban or rural
wild birds and observing their behavioral and physiological responses to environmental
manipulation. These kinds of experiments have been very helpful in mammals for isolating the
effects of the gut microbiome from other host factors such as genotype and past experience,
especially in addressing human medical questions 22–24. Except in chickens 25,26, these microbial
transplants have not been conducted in birds, likely due to serious logistical challenges. While
germ-free mice have been raised in lab settings for many generations, we do not currently have a
lab bird with a comparable germ-free husbandry protocol. It is possible that microbial transplants
may be achieved after administration of heavy-duty antibiotics; however, this poses an issue for
our ability to interpret the results of an experiment, as there are effects of the antibiotics alone on
the host animal that are then impossible to discern from the effects of the microbial community
transplanted 27. Further, due to the necessity for larger enclosures, high levels of air flow, and, in
some species, group housing unique to keeping birds in captivity, it is much harder to prevent the
introduction and exchange of bacteria between birds, and with the environment. However, none
of these challenges are impossible to overcome. When solutions are found and microbial
transplants are successfully and reproducibly possible in non-poultry birds, we will have the
opportunity to answer important questions about the precise role played by the gut microbiome
in birds.
Another important next step in urban microbial ecology is to investigate the functional
consequences of the changes we see in gut bacterial communities for their hosts. Thus far,
studies (including my dissertation) have focused on finding taxonomic differences between
urban and rural gut bacterial communities. While this is informative for our understanding of
how bacterial communities assemble under different circumstances, these methods are not able
to tell us about what roles the bacterial communities are serving for their hosts. To address this
issue, future research needs to use multi -omics approaches to discover what bacterial genes
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are present in the community (metagenomics), which of these bacterial processes are operating
(transcriptomics), and what the functional results of these processes are (metabolomics) 28. This
is an important step toward a mechanistic understanding of how the microbiome may aid in an
animal’s persistence in landscapes heavily impacted by humans.
Career trajectory
The goal of my research overall is to incorporate the gut microbiome into our understanding of
how animals respond and adapt to urbanization. Over the course of my dissertation I have
learned important methodological and analytical techniques that will provide a foundation for
future microbiome research. The results of my dissertation have laid a foundation for future
investigation into whether and how differences in gut microbiomes serve different roles for their
hosts, and what repercussions that has for an animals’ success in urban landscapes. These
questions are crucial and timely to expanding how we think about the effects of urbanization on
vertebrate physiology and ecology.
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Appendix
Tables
Table 1. Results of adonis comparing non-lethal samples to lethal samples. Adonis was used to
compare the diversity of two sample types.

Large intestines
Small intestines
proventriculus

Unweighted UniFrac Distances
cloacal swab
faeces

Weighted UniFrac Distances
cloacal swab
faeces

R2

P-value

R2

P-value

R2

0.09

0.253

0.07

0.913

0.21

Pvalue
0.01*

0.6

0.004*

0.43

0.003*

0.21

0.47

0.002*

0.41

0.001*

0.28

0.05

Pvalue
0.4

0.004*

0.14

0.031*

0.002*

0.23

0.001*

R2

70

Table 2. Results of paired t-tests comparing relative distances from non-lethal samples to lethal
samples.

Abbreviations: small (sm.), large (lg.), intestine (int.), proventriculus (prov.)
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environmental

morphological

Table 3. All morphological and environmental variables included in analyses. Variables were
compared between urban and rural sites using Welch’s two-sample t-test for means. Variables
with an asterisk are ones that are significantly different between urban and rural sites (Bonferroni
adjusted alpha (0.003).

variable
Bill length (mm)
Bill width (mm)
Bill depth (mm)
Wing chord (mm)
Plumage wear
Fat
Plumage fade
Body condition
Noise (dB)
North coordinate
West coordinate
% trees
% scrub
% impervious
% grass

t-stat
-2.52
1.7
1.17
-0.18
-4.85
-0.94
-1.63
-1.02
7.33
-12.27
21.04
6.14
-4.46
4.83
-1.53

df
65
74
56
72
46
63
76
57
80
48
43
59
67
80
42

p
0.014
0.094
0.247
0.861
<0.001
0.353
0.108
0.312
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
0.134

*

*
*
*
*
*
*

Urban
mean
12.37
6.23
6.88
71.15
1.34
1.17
0.49
31.16
55.45
37.8
-122.46
0.21
0.43
0.31
0.07

Rural
mean
12.64
6.13
6.81
71.23
2.19
1.35
0.71
31.54
46.4
38.03
-122.86
0.02
0.73
0.12
0.14

72

Table 4. PERMANOVA results on beta diversity distances between communities in urban and
rural habitats.
distance measure

df

Pseudo-F

P

Jaccard

1

1.408

0.001

unweighted UniFrac

1

1.978

<0.001

Bray-Curtis

1

0.914

0.5044

weighted UniFrac

1

1.018

0.3296

Table 5. dbRDA both combined and separately on rural and urban birds. Results showing
percent explained for each distance measure, and significant variables if any. Jaccard and
unweighted UniFrac distances represent community membership, Bray-Curtis and weighted
UniFrac distances represent community structure, UniFrac distances are corrected for
phylogenetic relatedness. Full model used in each case: distance measure ~ fat + wear + fade +
wing chord + noise + bill length + bill width + bill depth + body condition + % trees + % grass +
% impervious + % scrub.
URBAN

RURAL

diversit
y
measur
e
Jaccar
d
unweig
hted
UniFra
c
Bray Curtis

dbrda1
%
explain
ed
4%

dbrda2
%
explain
ed
3%

4%

weight
ed
UniFra
c

COMBINED

dbrda1
%
explain
ed
8%

dbrda2
%
explain
ed
5%

signifi
cant
variabl
es
none

dbrda1
%
explain
ed
2%

dbrda2
%
explain
ed
2%

signifi
cant
variabl
es
none

4%

signifi
cant
variabl
es
conditi
on
none

9%

86%

none

3%

2%

% trees

9%

3%

none

10%

7%

none

4%

2%

none

20%

2%

Bill
width

49%

4%

none

80%

6%

none
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Table 6. Prevalence and average abundance of common phyla.
prevalence (% of
samples occurring
Phylum
in)
Actinobacteriota
94%
Bacteroidota
57%
Firmicutes
94%
Proteobacteria
97%

average
abundance
29%
1%
27%
41%

Table 7. Mixed linear model results assessing the effect of treatment on alpha diversity. All
models included treatment order, and individual bird nested within sex as random effects (+
1|order + 1|sex/bird). P-values for all post-hoc comparisons can be found in Table S4
lm anova
Tukey post-hoc
Alpha diversity model F
P
significant
P
measure
comparisons
0

D
D
2
D
faith's pd
1

1.9449
3.2003
2.6617
4.3798

0.131
0.029
0.056
0.007

*
.
*

n/a
Recovery - Control
Recovery - Control
Recovery - Control
Recovery - Noise

0.029
0.06
0.02
0.016

*
.
*
*
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Figures

Figure 1. Gastrointestinal tract of a Zebra Finch. The proventriculus attaches to the esophagus
which terminates in the oral cavity. The cloaca is the single external orifice for the passerine
gastro-intestinal tract. We sampled the proventriculus, small intestine, large intestine, collected a
swab from the cloaca, and sampled faeces.
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Figure 2. Relative abundance of bacterial classes by sample type: all classes shown comprised at
least 1% of at least one sample. Based on unrarefied amplicon sequence variants’ (ASVs).
Sample types are proventriculus, small intestine, large intestine, cloacal swab and faeces.
Colours represent different classes of bacteria with the proportions of taxa averaged across
individuals for each sample type.
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Figure 3. Box plot shows average Shannon diversity indices of all sample types.
Significant t-test results are indicated by an asterisk, *, **, and *** represent p= 0.05, 0.01 and
0.001, respectively.
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Figure 4. PCoA plot of (a) unweighted UniFrac distances (community membership) and (b)
weighted UniFrac distances (community structure, accounting for relative abundances).
Variation explained by each PCoA axis is provided in parentheses. Each data point represents
one sample, with each sample type having a different colour and shape. Ellipses represent 90%
confidence intervals.
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Figure 5. Boxplots of unweighted (community membership) and weighted (community
structure, accounting for relative abundances) UniFrac distances between non-lethal sample
types, cloacal swabs and faeces, as compared to lethal sample types (proventriculus, small
intestine, and large intestine). Significant t-test results are indicated by an asterisk (*), nonsignificant results are indicated by ns. *, **, and *** represent p= 0.05, 0.01 and 0.001,
respectively.
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Figure 6. Individual variation captured by non-lethal samples. Graph shows average unweighted
(community membership) and weighted (community structure, accounting for relative
abundances) UniFrac distances from large intestine to cloacal swabs and faeces across birds
(between-individuals) as compared to distance from the large intestine to these non-lethal
samples taken from the same bird (within-individuals). Significant differences between
comparisons are indicated by an asterisk (*).
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Abbotts Lagoon

Presidio

Limantour

Commonweal

Ft. Funston

Richmond

Figure 7. Transects were sampled in ten locations in urban and rural areas. Transects from
Abbotts Lagoon, Limantour, and Commonweal were designated rural, while Richmond, Presidio
and Ft. Funston transects were considered urban. Each dot represents a sampled bird. Transects
were originally designed to sample across a noise gradient, and so dots are on a color scale from
green to purple; light green is quietest and dark purple is loudest (dBA). See supplement Figure
S1 for locations of all transects on one map.
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Figure 8. Linear discriminant analysis effect size (LEfSe) comparing bacterial families between
urban and rural groups. Colors correspond to which group was found to have disproportionately
more abundance of that bacterial family.
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Figure 9. Variation in alpha diversity (effective number of species) measured in Hill numbers
(three orders of q). Effective number of species is less sensitive to rare bacteria as q increases. 0D
is bacterial richness, 1D is the exponential of Shannon entropy, and 2D is the inverse of
Simpson's Index. Color corresponds to habitat type for sampled birds. * indicates significance
difference (p<0.05).
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Figure 10. Important variables ranked by importance for averaged model for all data (combined)
and urban and rural locations separately. Shown are all variables above .5 importance. Points and
labels colored by variable type (environmental=green; morphological=orange). For example, for
0
D combined dataset, the most important variable is % grass, followed by bill depth, north
coordinate, noise, and finally % trees. Overall, urban gut bacterial communities are best
predicted by morphological characteristics, whereas rural gut bacterial communities are better
predicted by environmental factors.
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Figure 11. Principal coordinates plot (PCoA) of (a) Jaccard, (b) unweighted UniFrac, (c) BrayCurtis, and (d) weighted UniFrac distances. Variation explained by each axis is provided in
parentheses. Each data point represents one sample.
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N=13

N=13

Figure 12. Experimental design diagram. Each treatment group had 13 birds, with one group
receiving noise and recovery first, and the other group receiving control first. Blood for plasma
cort and cloacal swabs were collected on the last (5th) day of each treatment period, and food
intake was recorded twice daily.
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Figure 13. Relative abundances of bacterial genera in captive white-crowned sparrows
combined from samples across all treatments. Figure of relative abundances of bacterial phyla
can be found in the supplemental figures (Figure S1).
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Figure 14. Alpha diversity in response to noise treatment by order of treatment received
(A=acclimation, C=control, N=noise, R=Recovery). Noise exposure has an effect on alpha
diversity.
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Figure 15. Linear discriminant analysis effect size (LEfSe) comparing predicted gene
abundances (PICRUSt) between control and noise treatments (top), and control and recovery
treatments (bottom). Colors correspond to which treatment was found to have disproportionately
more abundance of that gene. More predicted genes differed between control and recovery than
between control and noise, suggesting a delayed effect of noise on the gut microbiome.
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Figure 16. Path analysis results assessing relative contributions of noise treatment,
corticosterone (CORT), and food intake to Faith’s phylogenetic diversity. Path analysis figures
for other measures of food intake and alpha diversity can be found in the supplemental materials
(Figure S2). * indicated significant relationships, gray arrows indicate non-significant
relationships. Order of treatment and individual bird nested within sex were included as random
effects.
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Figure 17. CORT response to noise treatment by order of treatment received (A=acclimation,
C=control, N=noise, R=Recovery). Noise exposure has an effect on corticosterone levels and
does not return to normal after noise playback has stopped.

91

Figure 18. Food intake for each treatment a) in the morning during noise playback for noise
treatment, b) in the afternoon after noise playback for noise treatment, c) all day food intake.
Black points indicate outliers.
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Figure 19. Figure inspired by Sih 2011. Gut microbiomes could be viewed as a plastic trait, that
may play a role in an animal’s ability to respond to human induced rapid environmental change.
Similar to previous frameworks presented about the role of behavior as a plastic trait influencing
how animals respond to human development, our understanding of the physiological capacities
and limitations on adaptation to urbanization might benefit from considering microbiomes in a
similar way.
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